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(5) INTRODUCTION:

Our project, beginning in April of 1995 and completed in March of 1998, was directed towards examining
ligand interactions, particularly organophosphates and oximes, with recombinant DNA-derived AChE by kinetic,
physicochemical and computational methods. The studies are oriented to analyzing mechanisms of inhibition by
organophosphates, the spontaneous hydrolysis and reactivation by oximes of AChE conjugated with
organophosphates and the sites of interaction of reversible inhibitors. These studies have allowed us to not only
gain an understanding of the mechanisms of AChE catalysis, inhibition and reactivation, but also develop
recombinant DNA derived cholinesterases as potentially useful prophylatic agents and antidotes for
organophosphate poisoning.

(6) BODY:

A. Recombinant DNA-derived Acetylcholinesterase and the Crystal Structure Template

Our studies have employed site-specific mutagenesis, kinetic analysis, X-ray crystallography, fluorescence
spectroscopy and structure-guided ligand design. In the initial year, we developed procedures for production of
large quantities of mammalian AChE by expression in cell culture from cDNAs to be used for crystallization of
homogeneous enzyme (6P). The procedure involves selection by aminoglycoside resistance of high expressing
clones from human embryonic kidney (HEK-293) cells in which the gene has been stably incorporated into
chromosomal DNA, growth of cells in serum free media on multilayer plates, harvesting of the media containing
secreted AChE and affinity chromatography to purify the enzyme. To date, we have purified over 2 grams of AChE
and supplied it to many investigators around the world for their studies. We believe that our success in obtaining
AChE with a homogeneity suitable for crystallization stems from large scale production in mammalian cells over
short periods of time to minimize autolysis. With the recombinant DNA derived enzyme, we were able to solve
the crystal structure of the fasciculin-AChE complex (5P). Since this is the first mammalian AChE structure to be
reported, it serves as a template for the analysis of structure. Most of the mutagenesis work conducted in our
laboratory and other laboratories now involves mammalian AChE, rather than Torpedo AChE (1,2), and this
provides the impetus for structural studies on this enzyme.

In collaboration with Drs. Yves Boume and Pascale Marchot, we have also succeeded in obtaining crystals
of the mouse enzyme in the absence of fasciculin. New data have been collected on the synchrotron in Grenoble
which should yield a structure at 2.8 to 3A resolution. The initial diffraction patterns show that the back side of each
AChE molecule (the small omega loop containing the Cys265-Cys272 disulfide) adopts the position on a
neighboring subunit in the tetrameric unit crystal corresponding to loop II of fasciculin in the fasciculin 2-AChE
complex. However, the gorge remains in its narrow or closed state. The tetramer of AChE appears as a square
planar structure with about a 300 twist from planarity. It is organized as a dimer of dimers. The basic dimer is held
together by the four helix bundle found with the fasciculin complex, while each dimer associates by the small omega
loop inserting into the mouth of the gorge of the paired subunit. Each dimer pair lies in an antiparallel configuration
with one active center occluded by the omega loop and the other exposed to solvent. Hence, the overall
configuration shows two exposed and two occluded active center portals. The implications of this structure with
respect to attachment of structural subunits and regulation of catalysis have yet to be fully assessed. Nevertheless,
with paired open and occluded active centers in the tetramer, the ease of ligand penetration to the active centers in
crystals soaked with ligand will be of interest.

19981005 133
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B. Studies of Enantiomeric Specificity of the Organophosphates Fig. 1: Structures of the organophosphates and Oximes Used in this
study

Studies examining the kinetics of reaction for a series of o o

Rp- and Sp-alkyl methylphosphonylcholines and neutral Rp- C H-cH 3

and Sp-alkyl methylphosphonylthioates of known absolute ROP ' x P-P'OR

stereochemistry (fig. 1 and Scheme I) with wild-type and Rp Sp

mutant AChEs are now complete (Tables 1-4). Data for
several charged residue and acyl pocket mutations have been R X

analyzed by a thermodynamic mutant cycle analysis in three - -s-cH3

dimensions (X = R- and S-enantiomers; Y = charge on the
leaving group thioate; Z = acyl pocket substitutions (4P,5P) _-CCH3 -S-CH 2CH 3

(Scheme II). The data reveal that: (a) Rp and Sp chiral Nc- c

preference for reaction is dictated primarily by acyl pocket CH3  cH3 0
-- CH2CH2C--CH, -- S--CH2CH2- N--CH3

dimensions, restricted particularly by the 297 residue side CH3  CH 3

chain. By mutation from Phe to Ile at the 297 position, the S- o NH2

to R-chiral preference in reactivity inverts going from 250 to
0.3. (b) Asp74, but neither Glu202 nor Glu450, governs the
enhanced reactivity of the cationic organophosphates, (c) N-"cH=NOH HON=CH

ligand orientation in the transition state requires that: (1) the CH3 CH- O-CH2

phosphonyl oxygen fit in the oxyanion hole, (2) the 2-PAM H".

phosphorus be positioned for nucleophilic attack by the serine
and (3) the leaving group be positioned to exit from the gorge (approximately axial to the attacking serine). Three
dimensional plots of free energy change (AAGI) versus enantiomer ratio and leaving group charge (fig. 2 A & B)
clearly distinguish the structural determinants for enantiomeric selectivity and reactivity of cationic and neutral
ligands (6P).

0 O" 0 Scheme 1
203 R O R R O i 203 . 203

1lO-Scrine + -1/ P-O-Serine RO-P-O-Serine
R'S I

Cr 3  CH3  CH 3

Active Enzyme Organophosphonate Transition State Phosphonylated
Enzyme

203 RO 0I3 II 203
R"-CiI=N .RO-P-0-Serine P-O-Serine RO-PCH3  + HO-Serine

SR"-CH=NO II
CH 3  CH 3  R"-CH=NO

Oxime Phosphonylated Transition State Phosphonylated Active Enzyme

Enzyme Oxime
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Figure 2: Relationship between the change in free energy of activation, selected mutations in acetylcholinesterase, and structures of cycloheptyl methylphosphonyl thioates.
(A) Selectivity forthe Sp and Rp enantiomers. (B) Selectivity for charged and unchargedjphosphonates: +, cationic cyclopheptyl methylphosphonyl thiocholine; Me, uncharged
cycloheptyl methylphosphonyl thiomethane; and Et, uncharged cycloheptyl methylphosphonyl thioethane. The scheme for the thermodynamic mutant cycle analysis is shown
in Scheme H and in reference 7P.

Analysis of enantiomeric selectivity is a powerful tool for understanding reaction mechanism, for the two
enantiomers in the absence of a dissymmetric surface are chemically identical. The data in Tables 1-4 and in Fig.
2 1 show up to a 500-fold difference in reactivity of the Rp and Sp enantiomers and differences of this magnitude
approach the chiral purity of the compounds. Over 65 years ago, Eason and Stedman (3) proposed that chiral
selectivity of enzymes arose from a three point attachment of the chiral molecule with a dissymmetric surface.
Applying this concept to the transition state of the organophosphates shows that: (a) insertion of the phosphonyl
oxygen in the oxyanion hole, (b) the attack of the phosphorus by the y-hydroxyl of the serine, and (c) the orientation
of the leaving group out the gorge exit constitute three essential elements for a productive interaction. Moreover,
spatial constraints within the acyl pocket in the absence of mutation of the acyl pocket phenylalanines to smaller
side chains preclude this from being an optimal orientation for the Rp isomers since the bulky alkoxy groups show
steric interference with the phenylalanines in the acyl pocket (figs. 3 and 4). The analysis has also been approached
by computational docking and molecular dynamics (8P), and shows that only with the R isomer can we achieve the
appropriate hydrogen bonding in the oxyganion hole and orientation of the leaving group out the gorge exit (fig. 5).
These analyses are based on the X,Y plane encompassing the plane of the phosphorus-y serine oxygen distance.
Further analysis of the configuration of the conjugated phosphorus will be important for studies of oxime
reactivation.

C. Studies on Modes of Ligand Entry to the Active Center of Acetylcholinesterase

The crystal structure of mouse AChE with fasciculin (Fas2) shows this 6,500 Da peptide plugs the gorge entry.
The interactive surface area encompasses 1100A' or 28% of the surface area of fasciculin (5P). This raises the
question of why residual activity in the Fas2-AChE complex remains (0.1% for ACh but higher for p-
nitrophenylacetate) (3P, 11P). Moreover, inhibitors like trifluoroacetophenones and organophosphates, can still
access the active center, albeit more slowly (3P,1 IP). To examine the mode of ligand entry, we conducted an
extensive study of the ionic strength dependence of ligand association wherein surface residues on the enzyme are
modified to reduce the net negative charge on the enzyme (lOP, 11P). Association rates of cationic ligands (m-
trimethylammoniotrifluoroacetophenone (TFK+), echothiophate (a cationic organophosphate) and fasciculin, (a
cationic peptide) decrease with an increase in ionic strength showing the masking effect of ionic strength on the
electrostatic attraction between the cationic ligand and the anionic enzyme. The influence is roughly proportional
to the charge on the respective ligands...fasciculin (+4) and TFK÷ (+1). Neutralization of anionic residues on the
enzyme, aspartate and glutamate, by site-specific mutagenesis to the corresponding carboxamides, also results in

7



Scheme 11: Free Energy Relationships for Mutant Cycle Analysis of Charged and Uncharged Analogs of Rp- and Sp-Alkoxy Methylphosphonates with Wild Type and Mutant
Acetylcholinesterase.

Scheme 11___I____ X 3__ _ _ _ _ S p X3  Y4 k(S3:wt)k(R :m ut)

Sp~wt 0 =pw ) = p (2SRRp X4  Y3 k(Rp:wt)k(Sp:mut)

Z2 Y3 The electrostatic influence of charge on the leaving group

with respect to the mutations (ZY planes) is defined by
x Sp Z2 Y4 k(Sp:Wt)k(Sp+:mut)

SP Wt-s p:wt0 - =- =- (3)

Sp:mut p Rp:mut OR ._ -p Z. = Y3 k(Rp:wt)k(Rp+:mut)

Y2I YI Rp+ Z3 Yp= k(Rp+:wt)k(Rp:-ut)
43 These values are represented as absolute values without

reference to sign. They may be converted to the change in
X2 free energy of activation for the corresponding reactions,

Sp÷:mut Rp*:mut AAGt, where

V+' = RT InVp (5)
Mutant Cycle Analysis and Orientation of the Phospho-
nates. In Scheme II, enantiomeric selectivities of the Vp* = RT In Vpo (6)
bimolecular rate constants for organophosphonate
reaction with AChE [i.e. k(Sp:wt)] in relation to the 's* = RT In Ps (7)
mutations (XY planes) are defined by

4kR- =RTMR (8)

= X1 _ Y2 _ kl..+. wtykyRP.mu (1) and R = 1.99 x 10-3 kcal mo1-' K-1 and T = 298 K.Rp+ X2 Yi: k(Rp+:wt)k(Sp+:mut)

Table 1: Bimolecular Rate Constants (min-' M-) Determined for the Inhibition of Recombinant DNA-Derived Mouse Cholinesterases by
Alkyl Methylphosphonyl Thiocholine Enantiomers'

cycloheptyl methylphosphonyl thiocholine isopropyl methylphosphonyl thiocholine 3,3-dimethylbutyl methylphosphyl thiocholine

enzyme SP x 106 R, x 106 S^,Rp SP x 106 RP x 106 SplRp Sp x 106 Rp x 106 SplRp

AChE 190+-30 0.81 ±-0.09 230 16-±-1 0.14+-0.03 110 360+ 10 19+-9 19
BuChE 470 + 90 6.7 ± 0.7 70 10 + 1 3.3 ± 0.1 3 500 + 150 32 + 16 16
F295A 290+-50 7.1 +-0.7 37 16- ±1 1.2+-0.1 14 530+-40 15+-0 35
F295L 66+±-9 8.7+ 1.1 7.6 3.4+-0.1 1.2+-0.1 3 140+ 10 10-±-5 14
F297A 17 + 4 2.4 + 0.3 7.1 1.5 + 0.3 0.098 + 0.012 15 56 + 1 1.8 + 0.1 31
F2971 16+-3 62+±-3 0.3 0.95+-0.46 1.2+-0.1 0.8 56+-4 12+4 5

Data shown as means + standard deviations.

Table 2: Bimolecular Rate Constants (ki in min-' M-') for the
In--hibition of Recombinant DNA-Derived Cholinesterases by Neutral
(Sp)- and (Rp)-Cycloheptyl Methylphosphonyl Thioates,

leaving group

S-methyl S-ethyl

enzyme Sp x 104 Rp x 10' S^/Rp Sp x 104 R, x 104 SplRP

AChE 31 ± 4 0.18 ± 0.07 170 7.6 ± 0.5 0.018 + 0.002 420
BuChE 23±-6 0.25 ±0.07 92 13±-1 0.17 +0.02 76
F295L 34+-2 0.294-0.11 120 16±-2 0.100+-0.03 160
F2971 5.5 ± 0.1 2.2 ± 0.4 2.5 5.5 + 1.3 2.6 + 0.6 2.1

Data shown as means + standard deviations.
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Table 3: Bimolecular Rate Constants (103,M-1 min-I)o Determined for the Inhibition of Recombinant DNA-Derived Mouse Cholinesterases

witdutations of Anionic Residues by (a) Alkyl Methylphosphonyl Thiocholine Enantiomers and (b) Cycloheptyl Methylphosphonyl Thioate
Enantiomers

(a) alkyl substitution cYcloheptyl isopropyl 3,3-dimethylbutyl

enzyme Sp Rp SpIRp Sp Rp Sp/Rp Sp Rp SIpRp

AChE 190000 ± 20000 820 ± 50 230 16000 ± 1000 150 ± 10 110 400000±40000 11000±1000 36
D74N 1400 ± 200 8.0 ± 0.2 180 110 ± 10 1.7 ± 0.3 65 11000 ± 2000 230 ± 20 48
E202Q 21000 ± 2000 130 ± 10 160 490 ± 20 38 ± 2 13 120000 ± 10000 2700 ± 100 44
E450Q 1400 ± 300 23 ± 3 61 180 ± 20 5.9 ± 0.3 31 12000 ± 3000 490 ± 60 24

(b) thioate substitution SCH3  SCH2CH3

enzyme Sp Rp SpIRp SP Rp SIRp

AChE 310 ± 20 1.7 ± 0.3 180 74 ± 5 0.16 ± 0.02 460
D74N 530 ± 50 2.3 ± 0.2 230 190 ± 30 0.41 ± 0.04 460
E202Q 14 ± 1 0.060 ± 0.004 230 2.3 ± 0.3 0.014 ± 0.001 160
E450Q 9.0 ± 0.4 0.050 ± 0.002 180 14 ± 2 0.018 ± 0.004 780

a Data shown as means ± standard error of the mean typically from three measurements.

Table 4: Bimolecular Rate Constants (103 M-1 min-')a Determined for the Inhibition of Recombinant DNA-Derived Mouse Cholinesterases
with Mutations of Aromatic Residues by (a) Alkyl Methylphosphonyl Thiocholine Enantiomers and (b) Cycloheptyl Methylphosphonyl Thioate
Enantiomers

(a) alkyl substitution cycloheptyl isopropyl 3,3-dimethylbutyl

enzyme SP Rp SplRp Sp Rp SpIRp Sp Rp SplRp

AChE 190000±-20000 820±-50 230 16000± 1000 150±-10 110 400000±-40000 11000± 1000 36
W86A 4800 ± 1100 25 ± 5 190 43 ± 6 23 ± 7 1.9 37000 ± 14000 1700 ± 200 22
Y337A 120000 ± 10000 840 ± 40 140 24000 ± 3000 340 ± 40 71 750000 ± 20000 19000 ± 1000 39
Y337F 720000 ± 30000 3700 ± 100 190 140000 ±10000 1000 ± 100 140 1100000 ± 100000 30000 ± 1000 37
W286A 230000 ± 20000 2000 ± 100 120 20000 ± 1000 230 ± 10 87 470000 ± 30000 13000 ± 1000 36
W286R 45000 ± 2000 350 ± 10 130 8700 ± 600 98 ± 2 89 60000 ± 1000 1800 ± 100 33

(b) thioate substitution SCH3  SCH2CH3

enzyme SP Rp Sp/Rp Sp Rp SplRp

AChE 310 ± 20 1.7 ± 0.3 180 74 ± 5 0.16 ± 0.02 460
W86A 170 ± 20 0.75 ± 0.01 230 63 ± 9 0.27 ±E 0.002 230
Y337A 81 ± 4 0.46 ± 0.02 180 27 ± 2 0.047 ± 0.002 570
Y337F 320 ± 10 0.94 ± 0.04 340 92 ± 8 0.13 ± 0.02 710
W286A 530 ± 40 1.6 ± 0.2 330 160 ± 10 0.43 ± 0.09 370
W286R 710 ± 30 2.1 ± 0.2 340 200 ± 30 0.35 ± 0.09 570

Data shown as means ± standard error of the mean typically from three measurements.
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Figure 3: Stereoviews of Sp- and Rp-cycloheptyl methylphosphonothiocholine docked in the active center of mouse acetylcholinesterase. Residues of
the acyl pocket (Phe 295 and 297), choline binding subsite (Trp 86, Tyr 337, Glu 202) are shown ref. 7P,8P for details). The phosphonate is positioned
for attack by serine 203 and the phosphonyl oxygen is positioned in the oxyanion hole.
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Figure 4: Stereoview of Sp-cycloheptyl methylphosphonothiocholine docked in the active center of acetylcholinesterase. The view is a side view from Figure 4 to show
the orientation of the thiocholine moiety with respect to the gorge exit and Asp 74. A portion of the cholinesterase molecule on the acyl pocket side is cut away in order
to show an unobstructed view of the inhibitor (cf: refs. 7P, 8P for details).
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Figure 5: Molecular dynamics simulation followed by energy minimization of a docked Sp(closed circles) and Rp (open circles) cycloheptyl methylphosphonothiocholine
in a reversible complex with acetylcholinesterase. The phosphorus group is docked within bonding distance with the y-oxygen of serine 203 in the enzyme. This reaction
position along the Z axis then becomes defined by the plane X, Y. A productive conformation is assumed to require: (a) the appropriate Ser-O-P distance on the Z axis
(i.e., the X, Y plane); (b) insertion of the phosphonyl oxygen in the oxyanion hole (Y axis): a mean hydrogen bonding distance of 3-4 A with the amide backbone
hydrogens of Gly 121, Gly 122 and Ala 204; and (c) an orientation of the leaving group directed towards gorge entrance. The ideal position is assumed to be 180 degrees
from the attacking serine oxygen placing the serine oxygen and the leaving group in apical positions and the remaining three groups in equatorial positions. The deviations
reflect the difference in distances for the quaternary nitrogen between the energy minimized position and that expected for apical positioning (1800) of the serine y-oxygen
and the leaving group. Modified from reference 8P.
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a predictable diminution in the electrostatic enhancement of rate (fig. 6 and Tables 5A and B). No effect of ionic
strength is seen for the dissociation rates of the two ligands. The neutral isosteric, m(t-butyl)-trifluoroacetophenone
(TFK°) is employed as a control to correct for ionic strength dependent changes in conformation.

Of paramount interest is the influence of bound fasciculin on the ionic strength dependence of TFK+
association. Here the masking effect of increased ionic strength actually accelerates the reaction of TFK÷ with the
fasciculin-AChE complex. Hence, the dependence of ionic strength on TFK+ association with the fasciculin-AChE
complex and with AChE alone go in opposite directions. This inverted influence is not seen when the net negative
charge on the enzyme is reduced by +4 ( i.e., equivalent to the charge on fasciculin) through mutation of four Glu
and Asp residues to Gln and Asn (liP). The entering TFK+ projectile path must traverse close to the bound
fasciculin, and the transition state for TFK+ diffusion into the gorge of restricted dimensions is reflected in cationic
repulsion and the proximity of TFK+ to fasciculin. Hence, TFK÷ even in the presence of fasciculin, appears not
diffuse into the enzyme active center through another portal of entry. By selective mutagenesis of charged residues
of the Fas2-AChE interface, we may be able to pinpoint the actual trajectory of ligand entry in the Fas2 complex.

D. Studies on Oxime Reactivation of Phosphoryl- and Phosphonyl-conjugated Cholinesterases

Having accumulated substantial data on enantiomeric selectivity for the phosphorylation reaction with wild-
type and mutant enzymes, we have begun to study oxime reactivation of the enantiomeric phosphonyl-AChE
conjugates (actually diastereoisomers). The data base for this is our previous work on oxime reactivation of the
ethoxymethylphosponyl conjugate (1 P) where an enantiomeric pair was used to give unresolved Rp and Sp-ethyl
methylphosphonyl-AChE. We are now using the resolved conjugates Rp and Sp cycloheptyl-; 3,3 dimethylbutyl-;
and isopropyl-methyl phosphonyl AChE (Fig. 1) to study the stereochemistry of oxime reactivation. The non-chiral
dimethoxy phosphoryl enzyme is used as a frame of reference.

The chiral phosphonates are identical to those used previously and were synthesized by Dr. Harvey Berman
(4,5,6). Table 6 shows some of the initial data we have accumulated for 2-PAM and HI-6 reactivation of the
conjugates formed with the Sp phosphonates. First, we note that bulky residues impact the gorge and impede oxime
attack. Hence, the dimethoxy phosphoryl enzyme was found to be the most susceptible to reactivation (data not
shown). Moreover, the Sp compounds, which are the more reactive phsophonylating agents, are fortunately the most
susceptible to reactivation. This illustrates the role for both the positioning of the phosphonyl oxygen in the
oxyanion hole for the reactivation step and the interference of the gorge impacting alkoxy group in precluding access
of the oxime. The insertion of the phosphonyl oxygen in the oxyanion hole is of equal importance to lowering the
transition state energy for oxime attack as it is to forming the initial phosphonyl conjugate. Hence, both reactions
appear to proceed through formation of pentavalent intermediates. However, it is worth noting that the acylation
reaction proceeds at three to five orders of magnitude more rapidly when analyzed either as a bimolecular rate
constant or as a maximum rate at saturating concentrations of ligand.

Mutation of residues in the acyl pocket also yields an interesting phenomenon where mutation of phenylalanine
297 (F2971) enhances the rate of 2-PAM reactivation while mutation of phenylalanine 295 (F295L) enhances the
rate of HI-6 reactivation (Table 6). This appears to be independent of the Sp conjugating phosphonate with the
influence of the mutation being more dramatic with the more bulky residue. This suggests that the attack angles of
[116 and 2PAM differ and can be optimized from mutagenesis at distinct positions for the two compounds (fig. 7).

This observation also takes on practical significance since the combination of an oxime and circulating
cholinesterase is a potential scavenging pair for protection from organophosphate toxicity. A blood-borne
cholinesterase at best can scavenge with a one to one stoichiometry and because of the molecular weight differences
(139 for Sarin and -75,000 for the AChE subunit), substantial quantities of AChE would have to be administered
to be effective (7). To change the reaction from one of a stoichiometric nature to catalytic would reduce the amount
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Fig 6A: Ionic strength dependence of TFK+ second-order I.0005 TFK ,-,association rate constant (k-) and first-order dissociation 0.0 0.1 0-2 0.3 0.4 0.5 0.80o.7
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All curves were calculated as a best fit of data to Eq. below, Fig. 6B: Ionic strength dependences of rate constants for ligands
surface mutants: D280V (V), D280V/D283N (o), and AChE FAS2 complex (solid lines) and AChE alone (dashed
E84Q/D280V/D283N (A), E84Q/E91Q/D28OV/D283N/D272N lines). Curves were calculated as best fits of the data to Eq.
(0), and E84Q/E91Q/D28OV/D283N/E292Q/D372N (0). below, association (kon) and dissociation (ko) rate constants of
Active Center mutants: D74N (A), E202Q (o), E450Q (0), and inhibitors.
D74N/E202Q (0).

Table 5
Rate constants for TFK* association and dissociation with wild-type and mutant mouse AChEs in media of varying ionic strength

ko,° and ko.' are second-order association rate constants at 0 and 670 rm ionic strength, respectively.zE and z, are charges of the enzyme and
ligand, respectively, involved in interaction. Constantsk-, 0 and •E were obtained by nonlinear regression analysis of Equation 2 using fixed values
of koH and zs, from experimental data presented in Fig. 5.k,- 0 and koH were corrected for TFK'I hydration. First-order dissociation rate
constants kuff were calculated as means of values obtained at different ionic strengths.

Enzyme kon0  koH z, z, koff

A MO-t -1 min-1  1011 M-1 min- 1  10-' min-'
Wild type 9.8 ± 0.6 1.3 +1 -2.3 ± 0.2 1.1 ± 0.3

Surface mutants
D280V 8.2 ± 2.0 1.5 +1 -1.7 ± 0.1 4.8 ± 2.8
D280V/D283N 7.6± 0.3 1.3 +1 -1.8 ± 0.1 2.6-± 0.4
E84Q/E91Q/D280V/D283N 4.3± 0.8 0.92 +1 -1.7 ± 0.1 1.7 ± 0.8
E84Q/E91Q/D280V/D283N/D372N 2.3± 0.1 0.70 +1 -1.5 ± 0.2 2.3 ± 2.0
E84Q/E91Q/D280V/D283N/E292QID372N 1.8± 0.1 0.57 +1 -1.2 ± 0.2 2.8 ± 1.4

Active center mutants
D74N 0.39 ± 0.01 0.055 +1 -3.2 ± 0.1 5.5 = 4.4
E202Q 7.9 ± 0.4 0.77 +1 -2.6 - 0.2 59 = 5
E450Q 1.2 ± 0.1 0.31 +1 -1.3 ± 0.1 123 = 23
D74N/E202Q 0.14± 0.01 0.016 +1 -2.5 ± 0.4 94 ± 28
D74N/E202QJE450Q -0.14 -<0.016 +1 - >-94

Active center and surface mutants
D74N/D280V/D283N 3.1± 0.2 0.90 +1 -2.6 ± 0.3 2.3 ± 0.7

Rate constants for association and dissociation of inhibitors and for turnover of substrates with wild.type mouse AChE . FAS2 complex in
media of varying ionic strength

k.,, and koH are inhibitor second-order association rate constants at 0 and 670 nm ionic strengths, respectively. ql/K,,_)0 and (kIK,,_)H are
second-order reaction rate constants for substrate turnover at 0 and 670 im ionic strengths, respectively.zE and z, are charges of the enzyme and
ligand, respectively, involved in the interaction. Constantsk.,0 andz, for TFK+ were obtained by nonlinear regression analysis of Equation 2 using
fixed values of k.,H and zl, from experimental data presented in Fig 7.k,_ 0 and k,,H were corrected for TFIK and TFK0 hydration. The -
first-order dissociation rate constantk.,m constants ko,, and k_,H for TFK° and constants (kIK,_) and (k,_,/K,j) for substrates were calculated
as a mean of values obtained at different ionic strengths. Dashes indicate indeterminant parameters.

Ligand k_°0  
ko, zz ZE koff

109 M-' min-' 109 m-' min-'t 10-3 min-,B TFK+ s2 17 +1 +0.9 0.2 30- ±11

TFK° 0.46 z 0.11 0.46 0 - 52± 14

Substrate (k-.,K,)° (k,.,JK,,,)H 1 ZEz

106 m-' min-' 1
0

6 m-' min`

ATCh 2.7 -t 2.8 2.7 +1 0
PNPhAc 0.52 ± 0.08 0.52 0 -
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of cholinesterase required (7). Since the organophosphate-AChE reaction is rapid, the rate limitation is recovery
of oxime regenerated enzyme, completing a full turnover cycle. By mutation of the acyl pocket residues we are able
to increase this efficiency by more than an order of magnitude, but the mutated residue conferring the greatest
efficacy for enhancing oxime attack differs for HI-6 and 2-PAM.

Oxime Enzyme Alkoxy substitution kr (MWmin1) % Reactivation

2-PAM Sp-AChE cycloheptyl 0.46 70
Sp (F295L) AChE 1.39 76
Sp (F2971) AChE 9.2 74

2-PAM Sp-AChE 3,3-dimethylbutyl 0.24 103
Sp (F295L) AChE 1.11 103
"Sp (F2971) AChE 30 102

2-PAM Sp-AChE isopropyl 155 99
Sp (F295L) AChE 116 107
Sp (F2971) AChE 1260 92

HI-6 Sp-AChE cycloheptyl 186 96
Sp (F295L) AChE 2520 94
Sp (F2971) AChE 353 127

HI-6 Sp-AChE 3,3-dimethylbutyl 181 97
Sp (F295L) AChE 1230 93
Sp (F2971) AChE 254 120

HI-6 Sp-AChE isopropyl 2160 91
Sp (F295L) AChE 3320 104
Sp (F2971) AChE 2400 102

Table 6: Rate Constants Determined for Oxime Reactivation of Mouse Acetylcholinesterase Inhibited with Enantiomeric Methylphosphonates
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Figure 7:Structure of the active center gorge with the Sp-cycloheptyl methylphosphonyl moiety conjugated to the serine. The likely angles of attack for 2PAM and HI-6
are shown for the respective mutant enzyme. Critical residues within and Connolly surfaces of the active center gorge are shown.

Although our analysis is less complete, oxime reactivation of the Rp phosphonate conjugates is far more
resistant to 2-PAM and HI-6. Virtually no reactivation is noted over a period of 2-3 days with the bulky cycloheptyl
methyl phosphonyl enzyme. On the other hand, we have found that obidoxime is effective in cases where 111-6 and
2-PAM were ineffective. Current studies are directed to examining these structure-activity relationships in more
depth by comparing kinetic parameters and ligand docking to the phosphonyl enzymes.

What these basic observations point to is formation of an associative intermediate of rather similar orientation
to that expected for the acylation reaction. Formation of a phosphonyl-oxime appears to be an initial step in the
reaction, and the reaction is facilitated by polarization of the phosphonyl oxygen bond in the oxyanion hole (24P).
Less than optimal geometry for interaction is achieved with the oximes for two reasons: (1) oxime entry to the point
of optimal reaction is impacted by the spatial constraints of the gorge, (2) and steric limitations intrinsic to the oxime
moiety itself. Accordingly the gorge dimensions preclude the attacking nucleophile and scissile bond being apically
positioned. These factors are likely to account for reactions with oximes being far slower than phosphonylation.
The two oxime nucleophiles studied to date, 2-PAM and [1-6, appear to show distinctive preferred entry routes for
attack of the phosphonyl moiety. 2-PAM being the smaller molecule is likely to have additional degrees of freedom
and finds entry near the exit side of the acyl pocket. By contrast, HI-6 appears to have its oxime attack from deep
in the gorge (fig. 7). This may arise from the two quaternary ammoniums in HI-6 and its distal end being tethered
to a locus near the gorge mouth.

The face of attack of the conjugated phosphonate may be described in terms the four faces of the tetrahedron
defined by the tetrahedral phosphorus. The geometric confines of the gorge and steric factors intrinsic to the oxime
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itself are likely to dictate the preferential face of reactivity. Hence, optimization of the reaction rate will be both
phosphonate and oxime dependent and details on optimizing this reaction are not yet fully understood. Future
analyses will be extended for a large number of oximes and phosphonates and will be a subject of our continuing
research.

CONCLUSIONS:

Large quantities of mammalian acetylcholinesterase have been purified to homogeneity and crystallized. This
has yielded the first crystal structures of mammalian AChE as a fasciculin complex and as an apoenzyme. This
structure has become an important template for mutagenesis studies and the recombinant source should allow us
to use similar procedures for crystallization of mutant enzymes. Our studies of chiral phosphonate reactions with
AChE have taken advantage of enantiomer (chiral) selectivity to analyze the mechanism and likely transition state
of the reaction. The acyl pocket dictates chiral preference, and aspartate 74 is the primary determinant for enhancing
the reaction with charged organophosphates. This analysis originating from mutagenesis studies allows one to
position the critical groups in the pentavalent transition state.

Analysis of ligand entry in the fasciculin capped enzyme was completed with diffusion limited substrates, ie:
acetylthiocholine, less efficient substrates such as p-nitrophenylacetate, and cationic and neutral trifluoro-
acetophenones. Analysis of the ionic strength dependence suggests that the quaternary ligands traverse a cationic
barrier in the case of the fasciculin capped enzyme, but not the apoenzyme. Analysis with mutant fasciculins where
charge is neutralized or reversed should further delineate the path of ligand entry.

While oxime studies are still in progress, several trends with oxime reactivation are evident: (1) large
enantiomeric preferences are seen for reactivation with the Sp, enantiomers being more susceptible to reactivation,
(2) opening of the acyl pocket can enhance reactivation provided the direction of geometric access is correct, (3)
the oxyanion hole stabilizes the transition state in the reactivation reaction, (4) attack by the oximes can occur from
at least two directions (ie two faces of the conjugated phosphonate), and (5) the efficiency of reactivation by
different oximes depends on the structure of the conjugated phosphonate.

The combination of an oxime and plasma-retained AChE may prove to be a superior prophylatic agent in the
prevention of organophosphate toxicity. Oximes themselves have relatively slow rates of regeneration of the active
enzyme, and once aging has occurred, the conjugate is refractory to reactivation. Use of plasma-retained
cholinesterases is limited by their formation of a stable conjugate; hence scavenging is stoichiometric rather than
catalytic (7). With most organophosphates having molecular weights between 139 and 300 and a single AChE
subunit having a mass of -70,000 Daltons, large amounts of enzyme are necessary for scavenging. If the scavenger
can be made catalytic, then its dose requirements would be markedly reduced. Oximes will also facilitate the
turnover of the scavenging enzyme and we show we can enhance oxime turnover by factors of 10 to 50 with selected
mutants. Hence, the mutants would be superior to wild-type enzyme for this purpose. The alternative to this
procedure is to develop an AChE or phosphatase with a capacity to turn over the organophosphate as a hydrolytic
reaction. This has been elegantly accomplished by Broomfield, Lockridge and their colleagues with a glycine 117
histidine mutation located in the oxyganion hole (8). The principal limitation that arises with the Glyl 17His
mutation is the slow rate of reaction of the mutant enzyme with the organophosphate. Slow kinetics allow the
offending organophosphate to distribute into tissues before it can be scavenged. Fortunately, the acyl pocket
mutations maintain high reactivity with organophosphates. Pursuing the efficacy of the oxime plus mutant AChE
combination in prophylaxis is an obvious future goal.
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To explore the role that surface and active center AChE, acetylcholine, as well as its highest affinity inhibitors,
charges play in electrostatic attraction of ligands to the m-trimethylammoniotrifluoroacetophenone (TFK+) and fasci-
active center gorge of acetylcholinesterase (AChE), and culin 2 (FAS2), carry one or more positive charges.
the influence of charge on the reactive orientation of the Inhibition of AChE by small cationic reversible inhibitors
ligand, we have studied the kinetics of association of like N-methylacridinium appears diffusion limited (1) as is
cationic and neutral ligands with the active center and conjugation of the active serine by cationic TFK+ (2). Initial
peripheral site of AChE. Electrostatic influences were rates of acetylcholine hydrolysis by Electrophorus electricus
reduced by sequential mutations of six surface anionic AChE also appear limited by the initial diffusion-controlled
residues outside of the active center gorge (Glu-84, Glu- association of reactants (3, 4). Early kinetic studies suggested a
91, Asp-28O, Asp-283, Glu-292, and Asp-372) and three net negative charge at the active center, a finding borne out
residues within the active center gorge (Asp-74 at the from an overall analysis of ionizable groups (5, 6) in the three-
rim and Glu-202 and Glu-450 at the base). The peripheral dimensional structure of Torpedo californica AChE (7) and
site ligand, fasciculin 2 (FAS2), a peptide of 6.5 kDa with me structur e oed catifonca Ah ()a
a net charge of +4, shows a marked enhancement of rate mouse AChE (8). In addition, the net negative charges on the
of association with reduction in ionic strength, and this enzyme appear to be strategically distributed for rapid catalysis.
ionic strength dependence can be markedly reduced by Theoretical calculations based on the crystal structure of Torpedo
progressive neutralization of surface and active center AChE (9, 10) suggest the presence of a strong electrostatic field

gorge anionic residues. By contrast, neutralization of that directs cations into the active center gorge of the enzyme.

surface residues only has a modest influence on the rate The existence of such a field has been recently supported
of cationic m-trimethylammoniotrifluoroacetophenone experimentally by analysis of electrooptical properties of snake
(TFK+) association with the active serine, whereas neu- AChE in strong, external electric fields (11). A comprehensive
tralization of residues in the active center gorge has a mutagenesis study of human AChE was undertaken to analyze
marked influence on the rate but with little change in the kinetic contributions of seven surface anionic charges in-
the ionic strength dependence. Brownian dynamics cal- fluencing the electric field of AChE (12). Those surface residues
culations for approach of a small cationic ligand to the outside of the active center gorge had only a small influence on
entrance of the gorge show the influence of individual catalytic efficiency for both cationic and neutral substrates.
charges to be in quantitative accord with that found for Recent theoretical calculations predict that anionic residues
the surface residues. Anionic residues in the gorge may peripheral to the active center gorge exhibit only a minor
help to orient the ligand for reaction or to trap the influence on catalysis rates since the directing field is the result
ligand. Bound FAS2 on AChE not only reduces the rate of a large number of contributions from the protein (13, 14).
of TFK+ reaction with the active center but inverts the Inhibition of AChE is achieved by competing ligands binding
ionic strength dependence for the cationic TFK+ associ- to the active center region of AChE, which is located in the
verseon ecotiHence btarriears tat the gorge entryaim- center of the subunit at the base of a narrow gorge some 18-20
verse an electrostatic barrier at the gorge entry im- A in depth. A separate set of ligands, which includes the or-

ganic cation, propidium (15), and the peptide FAS2 (16), binds
to a site peripheral to the active center gorge. Inhibition of this

The high catalytic efficiency of acetylcholinesterase (AChE,1 site results from the ligand impeding substrate entry to the

EC 3.1.1.7) as well as the rapid rates of reaction of selective active center and exerting an allosteric influence on the con-
formation of the enzyme (15-18).

AChE inhibitors are primarily addressed with cationic ligands. in

The physiological and most rapidly hydrolyzed substrate of In this study, we have neutralized a series of anionic side
chains through site-specific mutagenesis to distinguish the in-
fluence of electrostatics on the kinetics of inhibitor and substrate

* This work was supported in part by grants from the National binding at the active center from that at the peripheral site. We
Science Foundation Supercomputer Centers MetaCenter Program and also investigated the influence of bound FAS2 on the kinetics of
by U. S. Public Health Service Grants GM18360 and DAMD 17-95- entry of cationic and neutral ligands into the active center gorge.
15027 (to P. T.), GM31749 (to J. A. M.), and NS21334 (to D. M. Q.). The
costs of publication of this article were defrayed in part by the payment MATERIALS AND METHODS
of page charges. This article must therefore be hereby marked hdver-
tisement" in accordance with 18 U.S.C. Section 1734 solely to indicate Enzymes-Mutations of mouse AChE were generated from a cDNA
this fact. inserted into Bluescript II SK(+) (Stratagene, San Diego, CA) or di-

I The abbreviations used are: AChE, acetylcholinesterase; FAS2, fas- rectly in expression vectors pRC/CMV or pCDNA3 (Invitrogen, San
ciculin 2; TFK*, m-trimethylammoniotrifluoroacetophenone; TFIR, m- Diego, CA) using M13K07 helper phage (New England Biolabs, Beverly,
tert-butyltrifluoroacetophenone; PhAc, phenylacetatepNPhAc,p-nitro- MA) to obtain single-stranded DNA. Oligonucleotides were synthesized
phenylacetate; ACTh, acetylthiocholine. (Life Technologies, Inc.; Genosys, Woodlands, TX) to encode the muta-
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FIG. 1. Brownian dynamics simulation of diffusion of cationic ligand into the AChE active center. A, surface of the enzyme accessible
to the diffusing ligand (green), reactive surface (blue), and some of parameters for the simulation. B, position of selected anionic residues in
three-dimensional structure of mouse ACHE, studied in simulations and in in vitro experiments.
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FIG. 2. Ionic strength dependence of rate constants for ligands and mouse AChE. Curves were calculated as a best fit of data to Eq. 2.
A, association (ko,,) and dissociation (koff) rate constants of inhibitors. B, second-order rate constants (k~t/K,) for substrate turnover.

tion of interest and produce restriction sites that enabled screening of seille, France. Concentrations of FAS2 stock solutions were determined
mutants. Multiple mutants were generated by subcloning several cDNA by absorbance (e27s = 4900 M- cm- ) (20). m-tert-Butyltrifluoroaceto-
fragments containing single site mutations into the construct. Frag- phenone (TFK°) and m-trimethylainmoniotrifluoroacetophenone
ments were selected by the positions of the suitable restriction sites. (TFK+) were synthesized as described earlier (21).
Constructs were finally sequenced in the expression vector to confirm Enzyme Activity--Hydrolysis of ATCh, phenylacetate, and p-nitro-
the mutation. Wild-type and mutant mouse AChEs were expressed in phenylacetate was measured spectrophotometrically at 412 am for thio-
HEK-293 cells following transfection of the cells with the encoding choline (22) or by measuring phenol or p-nitrophenol release at 270 and
cDNA as described previously (19). ACHE was concentrated from the 405 nm, respectively. Kinetic constants for hydrolysis of the above
serum-free medium in which the expressing cells were grown. substrates by wild-type and mutant AChEs were determined as de-

Inhibitors--Purified and lyophilized FAS2 was kindly provided by scribed previously (23).
Dr. Carlos Cerveiiansky, Instituto de Lnvestigaciones Biologicas, Mon- Enzyme inhibition--The second-order rate constants for FAS and
tevideo, Uruguay, and Dr. Pascale Marchot, CNRS, University of Mar- trifluoroacetophenone association and the first-order constants of dis-
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TABLE I
Rate constants for association and dissociation of inhibitors and for turnover of substrates with wild-type mouse AChEs in media of varying

ionic strength

k..° and k..H are second-order association rate constants for inhibitor at zero and 670 in ionic strengths, respectively. ,t/K,,,ý ) and (k,.jK_)n
are second-order rate constants for substrate turnover at zero and 670 mi ionic strengths, respectively. zE and zI are charges of the enzyme and

ligand, respectively, involved in the interaction. Constantsk Ifor inhibitors, (k,,V/K,)° for substrates andzE were obtained by nonlinear regression
analysis of Equation 2 using fixed values ofko, , (kc,,K,) and zi, from experimental data presented in Fig 2. Dashes denote indeterminant
parameters. The first-order dissociation rate constants,koff, appeared independent of ionic strength and were calculated as a mean of values
obtained at different ionic strengths.

Ligand kon° k onH ZI ZE koff

109 m-` min-' 109 m-' min-' 10-3 min-I

TFK+ 980" ± 60 130" +1 -2.3 ± 0.2 1.1 ± 0.3

TFK0  2.2" ± 0.3 4.8' NDb NDb 15 ± 1

FAS2 49 ± 3 0.071 +4 -1.2 ± 0.1 4.4 ± 2.6

Substrate (k,.VIKm)° (katKm)H zI zE

109 M` min' 10
9 

M-
1 

min-'

ATCh 2.5 ± 0.2 1.5 +1 -1.1 ± 0.4
PhAc 0.12 ± 0.03 0.12 0 -
PNPAc 0.0075 ± 0.0011 0.0075 0

"Corrected for TFK÷ and TFK? hydration (cf 35).
"Due to nonlinearity of theko, versus I dependence, only a composite parameter k zE) = 1.1 ± 0.2 was determined, instead of individual charges.

TABLE II

Catalytic parameters for hydrolysis of ATCh by wild-type and mutant mouse AChEs in 0.1 M phosphate buffer, pH 7.0

Constants were obtained by nonlinear regression analysis of the following equation:

(1 + bS/K,,) V

(1 + S/K,,) (1 + Ki/S)

where S denotes the substrate concentrationK and K,, Michaelis-Menten and substrate inhibition constants, andb the productivity ratio of the
ternary SES complex to the ES complex sf, Radi6 et al. (19)). Values are means of 2-5 separate measurements.

Enzyme K_ K., kct b kc6Km

PzM mM 105 mnin-' 109 m-1 rain-'

Wild type" 46 ± 3 15 ± 2 1.4 ± 0.1 0.23 ± 0.01 3.0

Surface mutants
E84Q 120 ± 31 12 ± 7 1.8 ± 0.3 0.23 ± 0.03 1.5
E91Q 69 ± 3 11 ± 2 1.5 ± 0.1 0.24 ± 0.05 2.2
D280V 73 ± 4 10 ± 1 1.2 ± 0.2 0.23 ± 0.03 1.6
D283N 84 ± 2 14 ± 6 1.8 ± 0.5 0.17 ± 0.01 2.1
E292Q 85 ± 50 14 ± 9 1.6 ± 0.3 0.33 ± 0.11 1.9
D372N 62 ± 10 9.4 ± 0.3 1.2 ± 0.1 0.26 ± 0.03 1.9
E84QJE91Q 131 ± 20 16 ± 2 1.2 ± 0.1 0.17 ± 0.05 0.92
D280VfD283N 60± 9 18 ± 2 1.4 ± 0.2 0.23 ± 0.11 2.3

E84Q/E91Q/D280V/D283N 240± 52 11 ± 4 1.1 ± 0.1 0.23 ± 0.04 0.46

E84Q/E91Q/D28OV/D283N/D372N 162± 6 17 ± 7 0.82 ± 0.36 0.24 ± 0.09 0.51

E84QIE91Q/D28OV/D283N/E292Q/D372N 230± 32 14 ± 7 0.54 ± 0.06 0.38 ± 0.00 0.23

Active center mutants

D74Na 1,300 ± 140 530 ± 170 0.84 ± 0.11 0 0.065
E202Q 200 ± 40 140 ± 12 0.85 ± 0.06 0 0.43
E450QW 140 ± 10 59 ± 22 0.034 ± 0.004 1.8 ± 0.1 0.024
D74N/E202Q 700 ± 29 18 ± 2 0.24 ± 0.03 4.9 ± 2.2 0.034
D74N/E202Q/E450Q 18,000± 2,500 0.04 ± 0.01 0.00022

Active center and surface mutants

D74N/D280V/D283N 1,600± 320 390 ± 131 0.36 ± 0.10 0 0.023

"Data of Radik et al. (19).
"Data of Hoseaet al. (37).

sociation were determined, by monitoring the time course of reaction, law implemented within the transition state theory by Glasstonet al.
from Equation 1 (cf. Ref. 16). (24, cf Ref. 2); see Equation 2.

k o,, [L ] 
1  

- (E q . 1) k o. = (k. n0  - k onH)10 - .lhI81. I ". ' + kO nH (E q . 2 )

where ko., ko,°, and koH are second-order association rate constants at
where f is a fraction of enzyme inhibition at time t and ligand concen- the specified ionic strength I, zero ionic strength, and infinite ionic
tration [L]. The second-order rate constants for formation of the inhib- strength, respectively.zE and z, are the charges of enzyme and inhibitor
itory complex (k..), the first-order rate constants for its dissociation involved in the interaction.
(kof), and substrate catalytic constants were plotted as a function of Buffers-Enzyme activities in catalysis and inhibition were meas-
ionic strength of the reaction medium using the Debye-Huckel limiting ured in media of varying ionic strength, generated by varying the
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the protons and missing side chains (26). Coordinates for the protons

1.00+5 and residues 1-3 and 258-264 were relaxed using 500 steps of Adopted-
I / Km "Basis Newton Raphston minimization.

Ionization states of the residues were modeled to represent physio-
(M1) ..................... 0 logical conditions. Arg and Lys residues were modeled as protonated

1.o+4 .with an overall charge of +1. Asp and Glu residues were modeled as
deprotonated with an overall charge of- 1. The protonation states of the
His residues were determined by inspection of the availability of hy-

1.09+3 - adrogen bonds. All His residues were modeled as HSD (protonated at the
ND1 site) except for residue 432 which was modeled as HSE (proto-
nated at the NE2 site) and residue 447 which was modeled as HSP
(doubly protonated at the ND1 and NE2 sites). The charge on the

1.o*+2 unliganded, wild-type AChE used for the simulations was-8.0.
A reactive surface was placed at the gorge entrance. To do this the

center of the mouth of the gorge and the gorge axis were first defined.
In similar fashion to previous work with T. californica AChE (13,

1.00+1 27-29), the center of the mouth of the gorge was defined by determining
the geometric center of four selected atoms from residues near the gorge
entrance: Tyr-72:OH, Asp-74:OD1, Phe-297:CE1, and Tyr-341:CD2.B The gorge axis was then defined as the line running from Ser-203:C to

1.0e+5 - the geometric center. For the reactive surface at the gorge entrance, a
kcat 12-A reactive sphere was centered on the gorge axt 2 A above the
(min-1) center of the mouth of the gorge to completely cap the entrance.

Atomic charges of anionic side chains mutated to the corresponding
amides were set to 0 in the AChE model to generate the corresponding
mutants. Neither steric nor conformational changes potentially arising
from the mutations were considered.

All calculations involved in the Brownian dynamics simulations were
1.oe+4 carried out using the University of Houston Brownian Dynamics soft-

ware package UHBD (30). The simulations were conducted using a
110 x 110 x 110 grid with 1-A spacing centered on the Ser203:C atom.
Hydrodynamic radii of 35.0 and 3.5 A were used for AChE and diffusing
cationic ligand, respectively. An excluded radius of 2.0 A was used for

, ,the ligand. Fig. 1 illustrates the reactive surface available to the dif-
fusing ligand and several other parameters used in the simulations.

C The protein and solvent were assigned dielectric values of 4.0 and 78.0,
respectively, with a Stem layer radius of 2.0 A. A probe-accessible
surface was used with a 1.4-A probe radius and 300 surface points per

(M'min-') . . ......................... 0 atom. The boundary potential was determined using a single Debye-
1.0.o9 Huckel sphere of 35 A radius and molecular charge of-8 for the AChE

............................. molecule. A step size of 0.05 ps was used for diffusion between 0 and 100
A, 1 ps between 100 and 175 A, and 5 ps between 175 and 300 A from
the grid center.

1.0e+5 The rate constants of enzyme-ligand encounter were calculated from
large numbers of Brownian trajectories of the substrate in the neigh-
borhood of the enzyme (30-33). The substrate moves under the influ-
ence of the electrostatic field of the enzyme and the random bombard-

i.0e÷7 ment of solvent molecules. Trajectories are initiated on the surface of a
.esphere of radius b, the b surface, around the center of coordinates of the

enzyme. This sphere is made sufficiently large so that the electrostatic
forces between the ligand and the enzyme are approximately cen-
trosymmetric for r > b. Each trajectory is continued until the substrate

1.0e+6 satisfies a predefined encounter criterion or reaches an outer spherical
surface of radius q, the quit-surface. The fraction of trajectories that
finish with encounters is corrected to include the additional encounters
that would have occurred if the trajectories had not been truncated at

1.00e5 the quit-surface and is then multiplied by the rate constant for the
encounter of ligand with theb surface to yield the bimolecular diffusion-

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 controlled rate constant, k-, (34).
For this study, Brownian dynamics trajectories were started ran-

I (M) domly on a b surface 55.0 A from Ser203:C atom. A trajectory was

FIG. 3. Dependence on ionic strength of Michaelis-Menten terminated when one of three criteria were met. 1) The ligand made
constant (Km) (A), kcat (B), and kcatlKm (C) for ATCh with wild- contact with the reactive surface. 2) The diffusing ligand reached the
type (0) and the following mutant mouse AChEs.D280V/D283N quit-surface, a distance greater than 300 A from the Ser203:C atom. 3)
(0), E84Q/E91QID28OV/D283N (4), E84Q/E91Q/D280V/D283N/D372N The ligand made more than 1 X 10' steps. For the wild-type and each
(V), E84Q/E91QJD28OV/D283N/E292Q1D372N *), D74N (V), E202Q of the nine mutants, 3000 trajectories were conducted at 0 and 670 mm
(@), D74N/E202Q (L), and D74N/E202Q/E450Q 0). Dashed lines de- ionic strengths.
note surface mutants, andsolid lines denote active center mutants. All
curves were calculated as best fits of data to Eq. 2. RESULTS

Effect of Ionic Strength on Rate Constants for Ligand Bind-
concentration of phosphate buffer, pH 7.0, between 2 and 300 mi. ing to Wild-type Acetylcholinesterase-Catalytic parameters for

Brownian Dynamics Simulations-To conduct the Brownian dynam- substrates, second-order association rate constants, and first-
ics simulations, the structure for the mouse AChEFAS2 complex was order dissociation rate constants for cationic and neutral Ii-
obtained from the Brookhaven Protein Data Bank (8). Coordinates for
the missing residues Glu-1, Gly-2, Arg-3, Pro-258, Pro-259, Gly-260, gands with wild-type ACHE, measured as a function of ionic
Gly-261, Ala-262, Gly-263, and Gly-264 were built in using QUANTA strength of reaction medium, are shown in Fig. 2. The cationic
(25). CHARMM22 with its all-atom parameter set was used to build in inhibitors TFK+ and FAS2 associate with AChE significantly
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FIG. 4. Ionic strength dependence of FAS2 second-order association rate constant A..), with wild-type (0) and mutant mouse
AChEs. All curves were calculated as a best fit of data to Eq. 2A, surface mutants: D280V (0), D283N (0), D280V/D283N (0), E84Q/E91Q (6),
E84Q/E91Q/D280V/D283N 40, E84Q/E91Q/D280V/D283N/D372N (0), and E84Q/E91Q/D280V/D283N/E292Q/D372N V7). B, active center mu-
tants: E202Q (A), D74N (D), D74N/D280V/D283N (L), and D74N/E202Q/E450Q (0).

TABLE III
Rate constants for FAS2 association and dissociation with wild-type and mutant mouse AChEs in media of varying ionic strength

k..' and k..H are second-order association rate constants at zero and 670 nm ionic strength, respectively.zE: and z, are charges of the enzyme
and ligand, respectively, involved in the interaction. Constantso,,° and zF were obtained by nonlinear regression analysis of Equation 2 using fixed
values ofkonH and z1 , from experimental data presented in Fig. 4. First-order dissociation rate constantkff were calculated as means of values
obtained at different ionic strengths. koff constants for two triple mutants were too large to be determined under our experimental conditions.

Enzyme kon° konH zI ZE koff

1010 M
1 

min-
1  

107 M-I min-' 10-3 min-

Wild type 4.9 ± 0.3 8.8 +4 -1.2 ± 0.1 4.4 ± 2.6

Surface mutants
D280V 3.6 ± 0.3 7.0 +4 -1.1 ± 0.1 3.9 ± 2.8
D283N 3.2 ± 0.1 6.9 +4 -1.2 ± 0.1 5.5 ± 3.4
D280V/D283N 0.59 ±-0.03 6.2 +4 -0.94 ± 0.04 5.2 ± 1.6
E84Q/E91Q 0.41 ± 0.08 6.4 +4 -0.90 ± 0.20 3.7 ± 0.8
E84Q/E91Q/D280V/D283N 0.072± 0.005 4.9 +4 -0.61 ± 0.06 9.3 ± 2.0
E84Q/E91Q/D280V/D283N/D372N 0.048 ±+0.001 3.8 +4 -0.56 ± 0.02 5.6 ± 1.0
E84Q/E91Q/D280V/D283N/E292Q/D372N 0.019:t 0.002 3.5 +4 -0.45 ± 0.07 6.6 ± 1.9

Active center mutants
D74N 0.63 ± 0.03 6.0 +4 -0.90 ± 0.05 42 ± 17
E202Q 7.3 ± 0.1 9.0 +4 -1.3 ± 0.2 4.5 ± 0.6
D74N/E202Q/E450Q 0.31± 0.06 5.0 +4 -0.71 ± 0.07

Active center and surface mutants
D74N/D280V/D283N 0.23± 0.01 5.5 +4 -0.69 ± 0.03

faster in buffers of low than high ionic strength (Table I). The neutral inhibitor TFK°, which are about 2 orders of magnitude
increase in rates over this ionic strength range approaches 1 slower than TFK+, exhibit a modest decrease in rate with a
order of magnitude for the TFK' monocation and exceeds 2 reduction in ionic strength (Table I). This decrease was as-
orders of magnitude for FAS2, a 6.5-kDa peptide that bears net sumed to be consequence of indirect electrostatic interaction as
charge of +4 at pH 7.0. The association rate constants for FAS2 in the case of the kcat versus I dependence for ATCh and PhAc;
at low ionic strength approach the values for TFK+. Both only the composite parameter (Z ZE) was therefore determined,
values at a low ionic strength are within the range of rate instead of individual charges. Rates of dissociation of both the
constants predicted for diffusion controlled reactions. For the charged and neutral TFKs and fasciculin were largely inde-
cationic substrate ATCh, the ratio kcat/Km increased only 2-fold pendent of the ionic strength.
at low ionic strength indicating that the diffusion and chemical Effect of Ionic Strength on Substrate Hydrolysis by Wild-type
steps in catalysis by mouse AChE may be of similar magnitude. and Mutant Acetylcholinesterases-The catalytic constants for
The rates of association of neutral ligands do not increase with hydrolysis of ATCh by wild-type and mutant mouse AChEs
a reduction in ionic strength. Hydrolysis rates of neutral sub- determined in 100 mM phosphate buffer, pH 7.0, are listed in
strates, PhAc and pNPhAc, being 1 and 2 orders of magnitude Table II. Of the 17 mutants studied, mutations of aspartyl and
slower than ATCh hydrolysis, also were not influenced by the glutamyl residues located on the enzyme surface to their cor-
change in ionic strength. The association rate constants for the responding amidated residues produced less than 5-fold varia-
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FIG. 5. Ionic strength dependence of TFIW second-order association rate constant 6o.) and first-order dissociation constant 6.o•)
with wild-type (U) and mutant mouse AChEs.All curves were calculated as a best fit of data to Eq. 2.A, surface mutants: D280V (V),
D280V/D283N (0), E84Q/E91Q/D280V/D283N 40, E84Q/E91Q/D280V/D283N/D372N (0), and E84Q/E91Q/D280V/D283N/E292Q/D372N*). B,
active center mutants: D74N (A), E202Q (0), E450Q (0), and D74N/E202Q (0).

TABLE IV
Rate constants for TFK+ association and dissociation with wild-type and mutant mouse AChEs in media of varying ionic strength

k..° and k..H are second-order association rate constants at 0 and 670 nm ionic strength, respectively.zE and z, are charges of the enzyme and

ligand, respectively, involved in interaction. Constantsko.0 and zE were obtained by nonlinear regression analysis of Equation 2 using fixed values
of k.,H and z1, from experimental data presented in Fig. 5.ko,° and koH were corrected for TFIW hydration (cf. 35). First-order dissociation rate
constants kff were calculated as means of values obtained at different ionic strengths.

Enzyme kon
0  

konH Zz zE koff

1011 M
1 

min 10" m` min-' 10-3 min-'

Wild type 9.8 ± 0.6 1.3 +1 -2.3 ± 0.2 1.1 ± 0.3

Surface mutants

D280V 8.2 ± 2.0 1.5 +1 -1.7 ± 0.1 4.8 ± 2.8
D280V/D283N 7.6± 0.3 1.3 +1 -1.8 ± 0.1 2.6 ± 0.4
E84Q/E91Q/D280V/D283N 4.3± 0.8 0.92 +1 -1.7 ± 0.1 1.7 ± 0.8
E84Q/E91Q/D280V/D283N/D372N 2.3± 0.1 0.70 +1 -1.5 ± 0.2 2.3 ± 2.0
E84Q/E91Q/D280V/D283N/E292Q/D372N 1.8: 0.1 0.57 +1 -1.2 ± 0.2 2.8 ± 1.4

Active center mutants

D74N 0.39 ± 0.01 0.055 +1 -3.2 ± 0.1 5.5 ± 4.4
E202Q 7.9 ± 0.4 0.77 +1 -2.6 ± 0.2 59 ± 5
E450Q 1.2 ± 0.1 0.31 +1 -1.3 ± 0.1 123 ± 23
D74N/E202Q 0.14± 0.01 0.016 +1 -2.5 ± 0.4 94 ± 28
D74N/E202Q/E450Q :50.14 -50.016 • +1 - ->94

Active center and surface mutants
D74N/D280V/D283N 3.1± 0.2 0.90 +1 -2.6 ± 0.3 2.3 ± 0.7

tions in kinetic constants. In all cases, Km increases. By con- not show a dependence on ionic strength, with exception of Kmn
trast, the active center mutations, except for E202Q, produced and k,,at for PhAc which show a slight increase at high ionic
substantial changes in catalytic parameters including in- strength for wild-type AChE. The catalytic constants for active
creases in Km of up to nearly 3 orders of magnitude and de- center mutants were similar to the constants for wild-type,
creases in kcat of more than an order of magnitude. The ionic with the exception of kcat which was reduced about an order of
strength dependences of catalytic parameters for ATCh with magnitude in the mutants.
wild-type and seven mutants are presented in Fig. 3. Of the three substrates, ATCh and PhAc have similar kcat

The Michaelis constant was found to increase, with ionic values that are significantly higher than kcat for pNPhAc, in-
strength for wild-type and all mutants resulting in a decrease dicating a common rate-limiting step in the chemical step of
in kctIKm. A modest increase in kcat for all the surface mutants catalysis, presumably deacylation. The acylation step appears
and wild-type AChE was evident, whereas kcat for active center slower than deacylation for pNPhAc (3). Substitution of active
mutants was independent of ionic strength. Catalytic parame- center anionic residues reduces kcat for ATCh and PhAc to the

ters for hydrolysis of neutral substrates (data not shown) did levels of pNPhAc indicating a shift in the rate-limiting step to
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TABLE V

Rate constants for TFKe association and dissociation with wild-type and mutant mouse AChEs in media of varying ionic strength

k.,' and kH are second-order association rate constants at 0 and 670 nm ionic strength, respectively.ZE and zI are charges on the enzyme and
ligand, respectively, involved in the interaction. Constantsko,' and zE were obtained by nonlinear regression analysis of Equation 2 using fixed
values of k..H and zr. ko,° and koH were corrected for TFK° hydration (cf. 35). Dashes indicate indeterminant parameters. First-order dissociation
rate constants koff were calculated as means of values obtained at different ionic strengths.

Enzyme kon konH z zE koff

109 m-' min-' 109 u-' min-' 10-3 min-'

Wild-type 2.2 ± 0.3 4.8 ND" ND" 15 ± 1

Surface mutants

E84Q/E91Q/D28OV/D283N/D372N 2.3± 0.8 8.9 ND' ND" 26 ± 6
E84Q/E91Q/D28OV/D283N/E292Q/D372N 6.4± 1.9 6.4 0 46 ± 9

Active center mutants
D74N 3.9 ± 0.3 3.9 0 22 ± 3
E202Q 3.3 ± 0.5 3.3 0 640± 66
E450Q 2.2-± 0.1 2.2 0 680 ± 220

"Due to nonlinearity of the k,, versus I dependence, only a composite parameter kI zE) was determined (+ 1.5 ± 0.2 for wild-type and + 1.4 ±
0.3 for E84Q/E91Q/D280V/D283N1D372N mutant), instead of individual charges.
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FIG. 6. Ionic strength dependences of rate constants for ligands and ACh]FAS2 complex (solid lines) and AChE alone (dashed
lines). Curves were calculated as best fits of the data to Eq. 2A, association (ko,) and dissociation (koff) rate constants of inhibitors.B, second-order
rate constants for turnover Q,,MK_) of substrates.

the acylation step for these substrates, with a concomitant loss residues by the corresponding amidated amino acids resulted
of the ionic strength dependence. This suggests that the in- in a 260-fold reduction in k'on and only 2.5-fold change in kon'H

creases of kat for ATCh and PhAc at higher ionic strengths are Thus, the pronounced dependence of rates of FAS2 association
due to an enhanced deacylation step of hydrolysis. Rates of with wild-type AChE on ionic strength, resulting in 560-fold

deacetylation of mouse AChE thus depend on solvent-accessi- rate acceleration at zero ionic strength compared with high
ble charged moieties in the AChE active center, whereas the ionic strength, is virtually eliminated by neutralization of six
acetylation reaction does not show this dependence. anionic residues on the enzyme surface, and significantly re-

Effect of Ionic Strength on Rate Constants for Fasciculin duced by neutralization of three anionic residues of the active

Binding to Wild-type and Mutant Acetylcholinesterases-The center. This illustrates the importance of AChE anionic resi-
second-order rate constants of FAS2 association to wild-type dues in the rate-limiting step of association of FAS2 with the
and mutant AChEs and the first-order rate constants for FAS2 enzyme.
dissociation were measured by following the approach of the However, except for the D74N mutant, since these residues
inhibition reaction to equilibrium in buffers of varying ionic did not affect koff, they do not appear to affect the activation
strength (Fig. 4). barrier for dissociation of the complex.

The second-order reaction rate constants extrapolated to Effect of Ionic Strength on Rate Constants for Trifluoroace-

zero ionic strength decreased significantly upon introduction of tophenone Binding to Wild-type and Mutant Acetylcholinester-
multiple mutations to AChE diminishing the charge, either on ases-The second-order association rate constant and the first-

the enzyme surface or in its active center, whereas the rate order dissociation rate constants for TFK+ and wild-type and

constants were only moderately affected at high ionic strength mutant AChEs were measured by following the approach of the
(Table III). A six-residue substitution of the surface anionic inhibition reaction to equilibrium at varying ionic strengths
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TABLE VI
Rate constants for association and dissociation of inhibitors and for turnover of substrates with wild-type mouse AChE . FAS2 complex in

media of varying ionic strength

k..' and konH are inhibitor second-order association rate constants at 0 and 670 rn ionic strengths, respectively. *,.IKm)
0 and (kctlKm)H are

second-order reaction rate constants for substrate turnover at 0 and 670 rm ionic strengths, respectively.ZE and z1 are charges of the enzyme and
ligand, respectively, involved in the interaction. Constantskono and z, for TFK÷ were obtained by nonlinear regression analysis of Equation 2 using
fixed values of k..H and zI, from experimental data presented in Fig 7.kon' and ko0 H were corrected for TFI• and TFKE hydration (cf. 35). The
first-order dissociation rate constantk., constants k..' and konn for TFE° and constants (kJKm)' and (k_/Km)H for substrates were calculated
as a mean of values obtained at different ionic strengths. Dashes indicate indeterminant parameters.

Ligand kon° k0nH ZI ZE koff

109 M-
1 

min-
1  109 M-1 min-, 10-3 min-

TFK+ s2 17 +1 +0.9 ± 0.2 30 ± 11
TFKM 0.46 t 0.11 0.46 0 - 52± 14

Substrate (kcalKm)° (keatlKm)H ZS ZE

106 M-
1 

min-' 10
6 

M-I min
1

ATCh 2.7 ± 2.8 2.7 +1 0
PNPhAc 0.52 ± 0.08 0.52 0 -

TABLE VII
The second-order rate constants for association of a spherical cation with AChE calculated using Brownian dynamics simulation and the

measured second-order rate constants for TFKI association with mouse AChE
Rate constants were determined at 0 *o O) and 670 mm (ko.,) ionic strengths. The ratios of mutant to wild-type rate constants are given in

parentheses.

M ouse A C h E 
kon ° k_°k_ 

_H

Calculated Measured Calculated Measured

10" M-
1 

min-
1

Surface mutants
Wild type 9.1 9.8 4.7 (1) 7.5 (1)
D280V 8.1 8.2 4.0 (0.9) 5.7 (0.8)
D280V/D283N 7.0 7.6 3.7 (0.8) 5.8 (0.8)
E84Q/E91Q/D28OV/D283N/D372N 4.0 2.3 2.5 (0.5) 3.3 (0.4)
E84Q/E91Q/D280V/D283N/E292Q/D372N 2.9 1.8 1.7 (0.4) 3.2 (0.4)

Active center mutants
Wild type 9.1 9.8 4.7(1) 7.5 (1)
D74N 7.9 0.39 4.7 (1) 7.1 (0.9)
E202Q 8.4 7.9 4.3 (0.9) 10 (1.3)
E450Q 8.4 1.2 4.2 (0.9) 3.9(0.5)
D74N/E202Q 6.9 0.14 3.7 (0.8) 8.8 (1.2)
D74N/E202Q/E450Q 6.2 <0.14 3.2 (0.7) 16 (-Ž1)

(Fig. 5). Association rate constants for the wild-type and all titatively similar effects were observed for the dissociation rate
mutant enzymes increased significantly with a reduction in constants for TFK°-AChE conjugate.
ionic strength. The ratio between the second-order constant The rate constants of association for the neutral trifluoroace-
extrapolated to zero ionic strength kon° and the rate constant at tophenone TFK° were, however, virtually unaffected by charge
the highest measured ionic strength konH decreased only neutralization through mutation or charge masking by ionic
slightly for the multiple mutants. Since the total difference in strength.
kon° and kon0 for the wild-type was much smaller for TFK+ Effect of Ionic Strength on Rate Constants for Substrate and
than for FAS2, charge neutralization exerted a far smaller TFK Binding to Acetylcholinesterase-Fasciculin 2 Complex-

influence than for FAS2. The extrapolated k0 n° values for mu- The association rate constants for both cationic and neutral
tants of the surface anionic residues decreased by a factor of 5 ligands for AChE.FAS2 complex were substantially reduced
with the simultaneous substitution of six surface residues (Ta- compared with the unligated AChE with the greater influence
ble IV). By contrast both kon° and kon0 for the active center exerted on the charged substrate or inhibitor (Fig. 6 and Ref.
mutants decreased by almost 2 orders of magnitude upon neu- 23). The most pronounced effect on FAS2 was on k.at/Km of
tralization of the three anionic residues in the active center ATCh with a decrease of more than 3 orders of magnitude
gorge, yielding at high ionic strength a rate constant compara- (Table VI). kICaKm showed little dependence on ionic strength.
ble in magnitude with that found for TFIK (Table V). Hence, The ionic strength dependence of the second-order associa-
anionic residues within the active center gorge, particularly tion rate constant was, however, inverted for TFK+ association
Asp-74 which resides near its rim, influence the TFK+ reaction with FAS2.AChE complex where the rate constant actually
in specific ways in addition to a long range electrostatic attrac- decreases at low ionic strength. Accordingly the rate constants
tion; the anionic side chains may trap the cationic ligand within for TFK+ association with the FAS2 complexed and free AChE
the gorge or help orient the cationic ligand in the active center differ by nearly 3 orders of magnitude at low ionic strength.
to optimize the conjugation reaction. The inverted dependence of ionic strength on the rate constant

The dissociation rate constants were only modestly enhanced of the FAS2.AChE complex suggests that the bound FAS2
upon substitution of surface residues with the amidated amino confers both a steric and electrostatic barrier to TFK+ entry to
acids but were increased more than 2 orders of magnitude upon the gorge. The two barriers combined slow the reaction by
substitution of active center residues supporting a role for nearly 3 orders of magnitude (at zero ionic strength), of which
these residues in stabilization of TFK+-AChE conjugate. Quan- about 1 order of magnitude corresponds to the steric barrier
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FIG. 7. The difference of the change in free energy (AAG*) between mutant and wild-type mouse AChE for association of TFK and
FAS2 with the mutant mouse AChEs at 0 and 670 ni ionic strength.A, active center mutants: FAS2 atl = 0 mM (V) and I = 670 mmM (7);
TFK÷ at I = 0 mm (A) and I = 670 mm (k,). B, surface mutants: FAS2 at! = 0m m (*) and (0) I = 670 mm (0); TFK+ at I = 0 mM (O) andI =

670 mM (0).

(difference at high ionic strength), and the remaining 2 orders TABLE VIII
to the electrostatic barrier. The rate constants of TFK+ and The differences in change in free energy (AAG

*
) per mutated residue

between mutant and wild-type AChE for association of TFK+ and
TFK° dissociation from the AChE.FAS2 complex were in- FAS2 with the enzyme at low (0 mM) and high (670 mM) ionic
creased by 30- and 3-fold, respectively, suggesting that FAS2 strength
allosterically influences the stability of the trifluoroacetophe- The difference is given separately for residues mutated at the active
none conjugates with AChE. center and on the surface. The value of AAG*) is calculated as slope of

Brownian Dynamics Simulations of Cationic Ligand En- the lines from Fig. 7.

counter with Acetylcholinesterase-The second-order rate con- Ligand Mutants I (AAG*) per residue
stants for the encounter of a spherical cation with the entrance Inm kcal rnol-1
to the gorge of mouse AChE at 0 and 670 mm ionic strength TFK+ Surface 0 0.16 ± 0.01
were calculated using a Brownian dynamics simulations. Re- 670 0.069 ± 0.009
suits for wild-type enzyme and a set of nine single and multiple Active center 0 1.3 ± 0.1
mutants were compared with constants experimentally meas- 670 1.4 ± 0.1
ured for TFK+ (Table VII). FAS2 Surface 0 0.57 ± 0.02

The rate constants calculated for wild-type enzyme at low 670 0.096 ± 0.003
and high ionic strengths were in very good agreement with the Active center 0 0.65 ± 0.13
experimental values. Individual replacements of surface ani- 670 0.11 ± 0.00
onic residues resulted in a progressive reduction of the calcu-
lated rate constants. The decreases in rates found in the ex- electrostatic influence. Since the computations treat the ligand
periment for TFK+ were in good accord with the calculated as an isotropic sphere that only moves outside of the gorge,
values. By contrast, the Brownian dynamics calculations did factors influencing translation within the gorge or orientation
not reflect the reductions in rate constants seen upon neutral- of the ligand on the efficiency of the reaction will not be ac-
ization of active center anionic residues. For example, an active counted for in the computations.
center mutant, in which three anionic residues within the
active center gorge were neutralized, showed only a 32% de- DISCUSSION
crease in the rate constant calculated from Brownian dynam- Our findings show that the multiple anionic residues on the
ics, whereas the experimentally measured constant decreased AChE surface make modest incremental contributions to en-
more than 2 orders of magnitude. Simulations that probe the hancing the rate of reaction of cationic ligands such as TFK+
behavior of cationic ligands within the gorge would be expected with the active center of the enzyme, whereas the contributions
to reflect these reductions (5). of the three anionic residues within the gorge are far larger.

Ratios of rate constants calculated for the reaction at 0 and Trifluoroketones are known to react with the active center
670 mM ionic strengths were also analyzed. This ratio de- serine forming a hemiketal conjugate (35, 36). In the case ofthe
creased with an increasing number of amino acid substitutions cationic congener, TFK+, the reaction appears rate-limited by
and fell to 40% of the wild-type value upon substitution to six diffusional entry to the gorge rather than the conjugation re-
neutral residues on the enzyme surface. The three-residue action forming the hemiketal. The influence of surface resi-
mutant of the active center exhibited a decrease of the ratio to dues, as well as the absolute rate of ligand association, can be
70% of the wild-type value. The experimentally determined predicted with Brownian dynamics simulations. The simula-
ratios for TFK+ were essentially identical to the calculated tions reported here, which use a spherical cationic TFK÷ that
ones. The close agreement of calculated constants with exper- remains outside the gorge, appropriately account for the long
imental values for TFK+ association with AChE provides ad- range electrostatic influences but underestimate the influence
ditional support for the electrostatic influence of AChE surface of anionic residues within the gorge. Anionic residues within
anionic residues in the rate-limiting step of this reaction. Ac- the gorge are likely to be critical for trapping cationic ligands
tive center anionic residues, where substantial disparity exists that have entered the gorge and for achieving the reactive
between experiment and computation, likely influences TFK+ orientation of cationic ligands, factors not considered in the
reactivity with the active serine, in addition to their long range current Brownian dynamics simulations.
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FIG. 8. Literature data on ionic strength dependence of rate constants for ligands and various wild-type AChEsCurves were
calculated as a best fit of data to Eq. 2. Evaluated constants and source of experimental data are given in Table DVashed lines represent data
from this study.A, association (kR) and dissociation (koff) rate constants for TFW with T. californica (*) and mouse AChE (0); N-methylacridinium
(NMA) with E. electricus AChE (0) and FAS2 with mouse AChE (0). B, the second-order turnover constants *catlKm) of substrates ATCh withE.
electricus (V), T. californica (A), human (V), and mouse AChE (A); 2-(N-methylmorpholinium)ethyl acetate fMEA) with E. electricus (0) and
cobra venom AChE (W).

TABLE IX
Ionic strength dependence of rate constants for association and dissociation of inhibitors and for turnover of substrates with different

wild-type AChEs
Constants were calculated using data from references cited below and from this paper (mouse AChE)k0 .n and k0 nH are inhibitor second-order

association rate constants at 0 and 670 mn ionic strengths, respectively. *catIKm)
0 and (kcjKm)' are second-order reaction rate constants for

substrate turnover at 0 and 670 nu ionic strengths, respectively. zE and z, are charges of the enzyme and ligand, respectively, involved in the
interaction. Constantsk..' for inhibitors (kc.jKm)0 for substrates andzE were obtained by nonlinear regression analysis of Equation 2 using fixed
values of k0n' (kc]K,)H and z,. The first-order dissociation rate constant ko.f was calculated as a mean of values obtained at different ionic
strengths.

Ligand Enzyme kon° k0.H zI zE koff

10 M-
1 

min-
1  

109 M-
1 

min-
1  

10-
3 

min-
1

NMA
4  

E. electricus (1) 5400 480 + 1 -3.9 8.7.106
TFK4  T. californica (2) 5100 270 +1 -2.1 9.4

Mouse 980 130 + 1 -2.3 1.1
FAS2 Mouse 49 0.088 +4 -1.2 4.4

Substrate Enzyme (kcatIKm) 0  
(kcatKm)_H z2 zE

109 M-' min-
1  

109 M-
1 

min
1

ATCh E. electricus (1) 210 13 +1 -5.5
T. californica (45) 8.5 2.9 +1 -1.4
Human (1) 5.8 1.6 +1 -1.5
Mouse 2.5 1.5 +1 -1.1

NMEA E. electricus (46) 0.65 0.040 +1 -2.7
Cobra venom (46) 0.83 0.027 +1 -4.9

Of the three anionic residues within the active center gorge, dependence on ionic strength consistent with electrostatic di-
D74N appears to contribute the most to the ligand trapping or pole vector guiding diffusion into the gorge for TFK+ and to the
orientation, whereas Glu-202 has a negligible effect. Thus rim of the gorge for FAS2. FAS2 shows a greater ionic strength
Asp-74 may play a role in orientation of TFK+ similar to that dependence than TFK+, consistent with its multiple net posi-
shown for enantiomeric organophosphate inhibitors containing tive charges. However, if analyzed on a unit charge basis, ZE is
a charged, thiocholine leaving group (37). The specific role of smaller for FAS2 than TFK+, a finding in accord with the lower
Asp-74 is partially the consequence of its unique location in the density of interacting anionic residues at the rim of the gorge.
gorge, close to the rim, and in a position to interact with The increase in FAS2 reaction rates of more than 2 orders of
incoming ligands. This residue has also been shown to assist in magnitude observed at low ionic strength yields rate constants
stabilization of peripheral site ligands (16, 19). In contrast to of the magnitude expected for diffusion-limited reactions. The
the behavior with the active center ligands, the rate of reaction acceleration in rate at low ionic strength is virtually eliminated
of the large peptide, FAS2, with the interactive surface located upon a 6-fold substitution of anionic residues at the AChE
at the rim of AChE gorge is affected similarly by both active surface. However, the magnitude of the free energy change
center and surface anionic residues. (AAGt, Fig. 7) imparted by ionic strength is only 4-fold larger

The reaction rates for the cationic ligands show a marked for FAS2 than for TFK+ and is linearly dependent on the
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FIG. 9. GRASP representation of electrostatic potential generated by UHBD for the following- A, wild-type mouse AChE; B,
D74N/E202Q1E450Q mouse AChE mutant; C, E84Q/E91Q/D28OV/D283N/E292Q/D372N mouse AChE mutant; D, wild-type mouse
AChE.FAS2 complex. The opening of the active center gorge is visible as an indentation located in the center of the molecule.

number of mutated residues (Fig. 7, Table VIII). The difference the transition state and the stabilized complex is not altered by
in free energy between TFK+ and FAS2 is consistent with the solvent changes. Hence dissociation processes are not influ-
difference in net charge for the two cationic ligands. enced by the electric field on AChE and intervening ions in the

Rate constants for ligand association and dissociation can be solvent. By contrast, association kinetics of TFK+ and FAS2
related to the transition state in forming the complex by Equa- show that the diminished activation barrier for restricted dif-
tions 3 and 4. fusion into the gorge imparted by the electrostatic attraction is

kon = K(kT/h)eA - oGRT (Eq. 3) partly masked by increasing the ionic strength. The same
masking is evident when TFK+ diffuses into the gorge of the

kof - K(kT/h)e -1 1T (Eq. 4) FAS2-AChE complex; however, in this case, the masking accel-

where AGon = G- 
0  

+ i, Go= --GET, k is Boltzmann's erates the reaction. Accordingly, a unique repulsive electro-

constant, h is Planck's constant, T is the absolute temperature, static influence is evident as TFK+ traverses an altered acti-

and K is the transmission coefficient. vation barrier in the FAS2 complex. Since this phenomenon is

The insensitivity of dissociation of TFK' or FAS2, ko.f, to not replicated by simple charge neutralization on AChE, it
ionic strength indicates that the energetic relationship between likely arises from the close apposition of the TFK+ cation
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with a domain of cationic charges in FAS2 during TFK+ entry satory influence of FAS2 on the opposing rates still leaves a
into the gorge. relatively high affinity complex (42). The degree of reduction in

Shown in Fig. 9 are potential energy maps of wild type, a k/on is in reasonable agreement to 100-fold reduction in kon for
mutant with the three anionic side chains in the gorge neutral- smaller TFK+, measured under the same experimental condi-
ized, a mutant with six surface residues neutralized, and a tions (cf. Fig. 6). Charge neutralization by FAS2 in its AChE
FAS2.wild-type AChE complex. For the surface residues mu- complex is globally equivalent to removal of four anionic
tant, reduction of the overall charge is evident, yet a negative charges by site mutagenesis. Since the complex still retains a
sector in the 9 o'clock position to the gorge entrance remains, net negative charge of -4, the inverted ionic strength depend-
Neutralization of the three active center gorge residues results ence uniquely seen for TFK+ association in the FAS2.AChE
in a locus of positive charge deep within the gorge. complex and not in the corresponding charge neutralized en-

Shafferman and colleagues (12) have previously analyzed zyme can best be explained by TFK+ traversing a path close to
human AChEs substituted with amidated amino acids for Asp the bound FAS2 upon entering the gorge. Upon approaching
and Glu at seven surface positions outside the gorge and ex- the active center in the AChE.FAS2 complex, TFK+ experi-
amined substrate hydrolysis kinetics and edrophonium binding ences about 10-fold slow down due to steric limitations and
at two ionic strengths. They demonstrated a minimal influence close to 100-fold slow down due to the electrostatic barrier. The
of surface charge on acetylthiocholine hydrolysis kinetics and surface area of Van der Waals contact at the FAS2-AChE
the reversible binding of edrophonium. However, association interface extends over 1100 A2, and no gap between the FAS2
rates for the ligands were not examined in these studies as is plug and gorge rim for substrate entry is evident in the crystal
possible for the more potent inhibitors, FAS2 and TFK+. Also, structures of the FAS2.AChE complexes (8, 43) (cf. Fig. 9D).
as considered below, substrate hydrolysis kinetics in human Hence extensive breathing of the complex or a major conforma-
AChE and edrophonium binding are likely not to be diffusion- tional change would be expected to be required to accommodate
limited and therefore not fully reveal the electrostatic influ- substrate entry. However, to date, the nature of the conforma-
ences on the critical diffusion step. tional change or molecular motion has not been revealed

AChEs from T. californica and E. electricus have higher through study of alternative crystal forms or conformational

turnover numbers for ATCh than the mammalian AChEs, and dynamics.

their substrate kinetics appear to approach the diffusion limit Electrostatic considerations appear to take on an increas-

(3, 4) as suggested by a compilation of data on the ionic ingly important role in functioning of proteins involved in neu-
rotransmission. A recent description of an "electrostatic switch"

strength dependence of AChE catalysis and inhibition (Fig. 8 i ansmissin.A een d esn ti an " elest swth
and Table IX). Similar to hydrolysis by human AChE, the rates in synaptotagmin-mediated neurotransmitter release from
of ATCh hydrolysis catalyzed by mouse enzyme defined by synaptic vesicles (44), the suggestion of electrostatics influenc-
kcjKm are only moderately dependent on ionic strength, and ing the subunit interface for neurotransmitter binding to the
therefore, diffusion is not the prevailing rate-limiting step. The nicotinic acetylcholine receptor (47), and the guidance of anrate constants for association of cationic ligands TFK+ and electric field in AChE to accelerate clearance of neurotransmit-

ratecontans fo asocitio of atinicligads FK'and ter in the synapse point to involvement of electrostatics in the
FAS2 with this enzyme approach the diffusion limit, providing terin temsynap pont o i lnt ofaeectrsics inchemore sensitive tools for momitoning structural elements in- precise temporal control of synaptic transmission. This mech-
voved senstin c onollngrates fof accessmtonituct l elgand s to A anism has the virtue of high speed and low energy cost whenvolved in controlling rates of access of cationic ligands to ACHE. compared with conformational changes.

Early kinetic observations on the role of electrostatic inter-
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Acetylcholinesterase, an enzyme of the serine hydro- solute stereochemistry show three requirements for
lase family, catalyzes the rapid hydrolysis of certain efficient transphosphonylation: (a) apposition of the
carboxyl esters. Other acyl esters efficiently transacy- phosphate with the -y-oxygen on Ser 203 to form a
late the enzyme with a subsequent, slow deacylation pentavalent, presumed trigonal bipyramidal interme-
step. Of these, the phosphoryl and phosphonyl esters diate, (b) polarization of the phosphonyl oxygen bond
are perhaps of greatest mechanistic interest since in- by its positioning in the oxyanion hole, and (c) posi-

dividual enantiomers of known absolute stereochem- tioning the leaving group towards the gorge exit.

istry can be isolated and their interactions with the
dissvmmetric enzvme active site examined. We de- Ketzw'ords: Acetvlcholinesterase, Phosphonates, Enantiomeric
scribe here studies of a series of enantiomeric Rp- and Inhibitors, Site-specific Mutagenesis, Serine Phosphonylation
Sp-alkylphosphonates interacting with mouse acetyl-
cholinesterase. Since the acetylcholinesterase is gener-
ated by recombinant DNA methods, mutant enzymes
can be made with specific replacements of individual
amino acid side chains. Individual amino acid re- INTRODUCTION
placements in the acyl pocket, the choline subsite and
at the active center gorge entry have been generated,
and the reaction kinetics of the mutant enzymes ana- Cloning and sequence determination of the cho-
lvzed. These studies have shown that substitution of linesterases have shown that these enzymes be-
aliphatic amino acids for phenylalanines 295 and 297
in the acyl pocket diminishes, and in some cases, ac-
tually inverts chiral preferences. The combined struc- whose tertiary structure is characterized by an
ture-activity approach, where both ligand and en- cap hydrolase fold [3,4]. Included within this
zvme are modified systematicallyx has enabled us to family are not only a large number of serine hy-
shiow that the restricted dimensions of the acyl pocket
in the active center dictate enantiomeric selectivity. drolases, but several proteins that appear to
Moreover, the reactions of compounds of known ab- serve non-hydrolytic functions. The first identi-

*Corresponding author. Tel.: 619-534-1366. Fax: 619-534-8248.
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fled homologous protein, thyroglobulin [1] and histidine forming a catalytic triad, with the
serves as a precursor for thyroid hormone. Sub- residues found in that sequence order. The
sequently, a series of proteins which appear to glutamate and histidine residues render the cat-
be involved in heterologous cell contacts and alytic serine nucleophilic. The proteins of this
synaptogenesis (the glutactins, neurotactins, family also contain at least two characteristic
gliotactins and neuroligins) have been identi- disulfide loops. Figure 1 details the sequence
fled. The proteins with hydrolase activity con- identities and residue positions in this family of
tain a serine, glutamate (occasionally aspartate) proteins.

Sinvariant region • heterologous & homologous oligomers

transmembrane monomer

Sglycophospholipid-linked [f pest

Geotrichium and Candida Lipases

Dictyostelium Crystal Protein

Dictyostelium D2 Esterase 1/ ///,S/ 1I, All]

Drosophila Neurotactin

Drosophila Glutactin V '//x x Z I/ x

He/iothis Juvenile Hormone Esterase

Culex Esterase Bi I/ / V, Ile/ / /

Drosophila Esterase 6

Drosophila Esterase P - O V

Drosophila and Anopheles Cholinesterase - / Z , ZI

Torpedo Acetylcholinesterase A,/

Mammalian Acetylcholinesterase

Mammalian Butyrylcholinesterase I A/

Mammalian Carboxylesterase (6.1)

Mammalian Carboxylesterase S

Mammalian Lysophospholipase (Cholesterol esterase) rl I

Thyroglobulin 2229 AV / j

Mammalian Neuroligin 7Fl

Drosophila Gliotactin

FIGURE 1 The cholinesterase superfamily is composed of an expanding number of proteins with documented homology in
sequence but diverse and eclectic functions. Shown by the various hatch and stippled markings are the regions of sequence identity.
and specialized and/or alternatively spliced regions of sequence. The bars above each linear sequence denote conserved cvsteines
and intra-subunit disulfide bonds. The S, E (D) and H symbols denote the essential serine, glutamate (aspartate) and histidine in
each catalytic triad. Note that the glutactins, neurotactins, gliotactins, thvToglobulins and neuroligins do not contain all three
essential residues, consistent with their lack of catalytic activity (cf: [1], [261, [27]).



ENANTIOMER SELECTIVITY AND MUTAGENESIS 251

The determination of the three-dimensional planar configuration confers minimal steric con-
structure of first the Torpedo [4], and then the straints for exit of a leaving group in a gorge of
mammalian acetylcholinesterase (AChE) [5], limited dimensions. By virtue of their tetrahe-
provided essential structural templates for the dral configuration, the phosphonates contain an
analysis of the catalytic mechanism. The cata- asymmetric phosphorus atom when it is sur-
lytic triad resides at the base of a narrow gorge, rounded by chemically different groups. Such
18-20A in depth, which is heavily lined with ar- asymmetry, and the observation of a measurable
omatic residues. The active center containing chiral preference in reaction with AChE, permits
this catalytic triad is located nearly centrosym- direct inferences on the nature (steric; electro-
metric to the subunit. static charge) of amino acid residues within the

The cholinesterases show considerable diver- active center of the enzyme. Moreover, the ca-
sity in the catalysis of hydrolytic reactions and pacity to alter structure in a precise manner
are well known for their high catalytic efficiency through site-directed mutagenesis, allowed us to
(kcat approaching 104 molecules of acetylcholine manipulate, not only the structure of the organic
per molecule of enzyme per sec). In addition to moiety undergoing reaction with the enzyme,
hydrolysis of carboxyl esters, such as in the nat- but selected amino acid residues within the re-
ural substrate and neurotransmitter-acetylcho- active pocket of the enzyme.
line, phosphoryl, phosphonyl, sulfonyl and car- The studies that we describe employ enantio-
bamoyl esters or halides also react with the en- meric methylphosphonates containing organic
zyme to form the corresponding acyl enzymes. residues surrounding the asymmetric phospho-
With the latter compounds enzyme deacylation rus. These agents were synthesized through re-
is slow, and hence they may be thought of as action of /-(-)-ephedrine with methylphospho-
hemisubstrates. Since the hemisubstrates block nothioic dichloride to form separable diastere-
access of acetylcholine to AChE, they are effec- omers, (2Rp,4S,5R)- and (2Sp,4S,5R)-2,3,4-
tive inhibitors of the enzyme and are employed trimethyl-5-phenyl-1,3,2-oxazaphospholidine-2-
therapeutically for this purpose (cf: [2]). Trifluo- thione (Scheme 1; la,b) [10-12]. These individual
roacetophenones also conjugate with the active diastereomers were resolved through column
center serine, leading to the formation of chromatography, and were then subjected to re-
hemiketals [6,7]. action with an alcohol, subsequent hydrogenoly-

The carboxyl esters, the carbamoyl esters and sis, and then final reaction with an appropriate
the trifluoroacetophenones are all planar, with alkyl halide. Each chemical step in this proce-
the moieties attached to the electrophilic carbon dure yields a predictable stereochemical out-
in a trigonal geometry. Hence substrate enantio- come. This factor, coupled with resolution of a
mers at the reactive carbon do not exist, and the common precursor (la,b) during an early step in

SC.EMEa

SCHEME 1
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the synthetic scheme, afforded unambiguous as- dimethylbutyl methylphosphonothioates con-
signment of configuration of the final products. taining thiomethyl-, thioethyl-, and thiocholine

Three families of agents were synthesized: leaving groups (see Table I). The phosphonyl es-
enantiomeric cycloheptyl-, isopropyl-, and 3,3- ter moieties, comprising cyclic and acyclic

TABLE I Structures of compounds employed. CHMP, iPrMP and DMBMP refer to cycloheptyl-, isopropyl- and 3,3-dimethylbutyl-
methylphosphonyl

Sp Rp

CHMP thiocholine

O 0

O", S C H31 S-CH2-CH2- N+(CH3)3
J.\S-CH2 -CH,- N'(CH 3 )3  CH"\N(H)
C H3

iPrMP thiocholine
O' 0

CH 3  I II
'CH0 -O' CH3IIIH- PH

- / S-CH2 .CH 2 -N+(CH 3 )3  /\S.CH,-CH2-N+(CH3)3
CH 3  CH 3  0

/
CH 3 -CH

CH 3
DMBMP thiocholine

0
CH3  II

CH 3-C-CH 2 -CH2- 0''1
C - C S-CH 2 -CH 2 - N+(CH 3 ) 3  0
CH3  CH3  II

CH3  4/ S-CH 2 -CH 2 -N+(CH 3 ) 3

CHa-C-CH 2 -C H2 - 0

CH 3
CHMP thiomethylate

0 0

0 "%% PSC3"/ IS-CIH C H3\' S C H3
CH 3

CHMP thioethylate
0 0

• _ Ii II
Q " tO H 3 " P S .

•PS-CscH 2 - C H3  4/ H2C H,
CH 3
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branched alkyl groups, are seen to differ in their characterization of the enantiomeric phospho-
hydrophobicity and the steric properties with nates (Table I) have also been documented pre-
which they interact with the enzyme surface. Of viously [10-12].
particular interest are the enantiomeric 3,3-dim-
ethylbutyl methylphosphonyl thiocholines. For
these agents, since the space-filling properties of RESULTS
the leaving group and the alkyl ester are similar,
inversion of configuration is not expected to en- Studies on ligand specificity for the cholinest-
gender substantial steric interference to binding. erases, when coupled with the recent findings

Thus, analysis of the reaction of tetrahedral from X-ray crystallography [4,5] and site-specific
phosphonates with the cholinesterases adds an- mutagenesis [13-15], reveal three distinct do-
other dimension to structure-activity consider- magns [13-15],nreveal the distinct o-
ations of ligands interacting at a target site. mains on the enzyme: (a) the acyl pocket of the
Herein, we examine the specificity for AChE of active center, (b) the choline binding site in theR p a d S e n a ti o e ri c p h o p h o n t e s c o nt i n - a c tiv e c e n te r, a n d (c ) a p e rip h e ra l a n io n ic site
Rp and Sp enantiomeric phosphonates contain- residing near the rim of the gorge. Ligands inter-
ing uncharged and charged leaving groups. acting with these sites and the residues that have

an important involvement at these sites are de-
tailed below [13-16].

METHODS AChE has phenylalanines at positions 295 and
297 which extend towards the substrate binding

The procedures for site-specific mutagenesis, site and, as such, delimit the dimensions of this
transfection of expression plasmids containing site. Butyryicholinesterase contains leucine and
the cDNA of interest, selection of stable transfec- isoleucine at the corresponding positions, and
tants, expression of mouse AChE in human em-' this accounts for its capacity to catalyze the hy-
bryonic kidney cells, isolation and purification drolysis of the larger substrate butyryicholine as
of the recombinant wild-type and mutant en- rapidly as acetylcholine (Figure 2). Mutation of
zymes, and kinetic analyses have been presented Phe 295 and Phe 297 in AChE to Leu and Ile, re-
previously [8,9]. The synthesis, modeling and spectively, results in an enzyme with butyrylcho-

Phe 297 Ile 297

,C CqAcetylcholine
Acetyicholine -

Pits 295, Leu 295 --

FIGURE 2 Positions of acetvlcholine in native (A) and in Phe_29Leu, Phe297Ile (B) acetnlcholinesterases. Strnctures were devel-
oped from the crystallogaphic coordinates of Toqledo AChE [4] and are based on the probable positioning of the substrate.
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linesterase specificity [13-16], as well as substrate bonding distance with the serine and the phos-
activation, a characteristic of butyrylcholinest- phonyl oxygen in the oxyanion hole, neither the
erase [15]. Examination of the chiral preference of leaving group nor the bulky alkoxyl groups can
a series of Rp- and Sp-alkylmethylphosphonyl fit into the acyl pocket of limited dimensions;
thiocholines, containing cycloheptyl, isopropyl only the methyl group on the phosphonate
or 3,3-dimethylbutyl ester moieties shows that should be devoid of steric hindrance in the acyl
up to a 230-fold enantiomeric selectivity is pocket. Accordingly, the orientation permits the
achieved for AChE (Table II). The chiral prefer- Sp enantiomer to have the thiocholine leaving
ence appears greater for the more bulky alkyl group pointed out towards the gorge entrance;
groups and for secondary rather than primary whereas in the Rp enantiomer, the thiocholine is
alkyl groups. Replacement of the Phe with Leu oriented behind the cycloheptyl group. Conse-
and Ile at these positions results in a loss of enan- quently, the cycloheptyl moiety is directed out of
tiomeric selectivity and, in fact, upon replace- the gorge with the respective orientations of the
ment at the 297 position, the 230-fold preference alkoxyl and thioalkyl groups interchanged. In
for the Sp enantiomer reverts to a slight prefer- this configuration the leaving group would suf-
ence for the Rp enantiomer. fer from two orientational constraints: (a) the

Since the absolute stereochemistry of the leaving group is pointed in the wrong direction
phosphonates is known [10], the Rp and Sp and it must traverse around the bulky cyclohep-
enantiomers of the phosphonates can be posi- tyl group for exit from the gorge; (b) an apical
tioned within the active center, either by dock- positioning of the serine and leaving group
ing as an initial tetrahedral complex or as a pen- would be limited by dimensional constraints of
tavalent, trigonal bipyramidal intermediate; the the gorge wall. Hence the higher reactivity of the
latter would simulate the putative transition Sp enantiomer can be explained on these
state for an associative mechanism. In addition grounds. However, the data are less informative
to the apposition of the y-oxygen of the catalytic regarding the reactive orientation of the less ac-
serine (Ser 203) with the phosphorus, there is tive, Rp, enantiomer during the transphospho-
substantial evidence for the placement of the nylation reaction.
phosphonyl oxygen in the oxyanion hole as a To shed further light on this issue, we have
requirement for transphosphonylation [6,17-19]. expanded our structural considerations to in-
In particular, the crystal structure of a phospho- clude uncharged thioates, as well as examined
nylated intermediate with a Candida lipase, an additional mutations in the enzyme. Although
enzyme homologous to AChE, shows the inser- the uncharged thioates with methanethiol and
tion of its phosphonyl oxygen in the oxyanion ethanethiol as leaving groups are about 1000-
hole [20]. Upon positioning the phosphorus in fold less reactive with both the Torpedo [10,12]

TABLE II Ratesa of transphosphonylation by Rp- and Sp-alkyl methylphosphonyl thiocholine with wild-type and acyl pocket
mutations of mouse acetylcholinesterase

Enzyme Alkyl Group

Cycloheptyl Isopropyl 3,3-Dimethvlbutvl

Sp Rp Sp/Rp Sp Rp Sp/Rp Sp Rp Sp/Rp

AChE (wild type) 190,000 820 230 16,000 140 110 360,000 19,000 19
Phe 295 Leu 66,000 8,700 7.6 3,400 1,200 3 140,000 10,000 14
Phe 297 Ile 16,000 62,000 0.3 950 1,200 0.8 56,000 12,000 5

'Rate constants given as 103/Mmin; the standard error of the mean from typically three experiments was 10-15%. Data were

obtained from reference [8].
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Sp-Cycloheptyl Methylphosphonyl Thiocholine Sp-Cycloheptyl Methylphosphonyl Thiocholine

A a0  ,, A ,,,7

Rp-Cycloheptyt MethylphosphonyI Thiocholine Rp-Cycloheptyl Methytphosphonyt Thiocholine

Of 121 O t

Ph27l5])aeycoietrs.Rsde fteay okt(h 9 n 290,3hoin bidn20 bie3r 8,Tr37,Gu22

ft. sh n (f r . P. fr d s .202

and 23s A0hTsp 0( II a.20n TTp we

00.20 Ph#337 Ala 2D6 Ph.337

00.23S 1505 Ty31 1.9 kMT 25 3 ,1

tiomeric selectivities for the wild-type and mu- action shows no preference for the charged or un-
tant AChEs are virtually the same as the charged charged leaving group. Moreover, these muta-
compounds. This would suggest, but not prove, t-ions do not affect appreciably the chiral prefer-
that the additional charge and volume of the ence (Table IV). However, the isosteric mutation
thiocholine have little influence on the reactive of Asp 74 to the neutral Asn, results in a marked
orientations of the Rp and Sp phosphonates. In reduction of transphosphonylation for the
addition, the comparison of reaction rates for charged phosphonates but not the uncharged

charged and uncharged phosphonates shows compounds. In fact, there appears to be a slight
residues in the acyl pocket. do not account for increase in the rate of transphosphonylation for
their reactivity differences, the uncharged compounds (Table IV).

Having established the above principles on Despite the great reductions in rate of phos-
ligand position, we have gone on to modify phonates of the cationic enantiomers, enantio-
charge within the active center gorge at the po- meric preference for the Rp and Sp phosphony-
sitions of Glu 202, Glu 450, and Asp 74 by isos- lation does not change with the Asp74Asn mu-
teric replacement to form the corresponding car- tation. This suggests that the trimethylammonio
boxamides. Glu 202 and Glu 450 reside deep moieties in the Rp and Sp enantiomers reside at
within the gorge and may be involved in facili- similar distances from Asp 74 in the transition
tating the polarization of the phosphonyl oxygen, state; otherwise, it is unlikely that the Coulom-
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Glu 202

- Gorge Entrance

S e r2 o 3 VlI

SGlu 450

FIGURE 4 Sp-cycloheptyl methylphosphonothiocholine docked in the active center of acetylcholinesterase. The view is a 90' side
view from Figure 3 to show the orientation of the thiocholine moiety with respect to the gorge exit and Asp 74. A portion of the
cholinesterase molecule is cut away in order to show an unobstructed view of the inhibitor (cf: refs. [8,9] for details).

bic influence would be virtually identical for the which are governed by the amino acid side
two enantiomers. chains directed towards the active center. Thus,

chiral selectivity is largely independent of the
charge and apparent dimensions of the leaving

DISCUSSION group. By contrast, the anionic side chain (Asp
74) near the gorge entry is linked to the charge

The findings reviewed here show two distinct on the leaving group and the enhanced reactiv-
linkage relationships. Chiral preference is de- ity of the cationic alkylphosphonates is elimi-
pendent on the dimensions of the acyl pocket nated by the isosteric substitution of an Asn at

TABLE III Rates' of transphosphonvlation by Rp- and Sp-cycloheptyl methvlphosphonyl thioate possessing charged leaving
groups

Leaving Group

-S-CH, -S-CH:-CH,

Enzyme Sp Rp Sp/Rp Sp Rp Sp'Rp

AChE (wild type) 310 1.7 180 74 0.16 460
Phe 295 Leu 340 2.9 120 160 1.0 160
Phe 297 Ile 55 22 2.5 55 26 2.1

'Rate constants are given as 10-!Mmin; the standard error of the mean from typically three experiments was 10-15'o. Data were
obtained from reference [8].
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this position. Although this substitution affects modeled on a planar surface, the hypothesis has
rates of reaction markedly, chiral selectivity is withstood the tests of time to explain stereospeci-
largely unaffected. ficity of drug action. Even with the addition of

The diminished reactivity of the Rp enantio- three-dimensional structures as templates for the
mer results from steric constraints precluding interaction of small ligands, the principle of a
the simultaneous (a) positioning of the phospho- minimal three-point attachment can be shown to
rus to enable attack by the -y-oxygen of the be applicable to chiral ligands and AChE.
serine, (b) insertion of the oxygen in the oxyan- Shown in Figure 5 is an analysis of docking of
ion hole, and (c) positioning the leaving group a pentavalent transition state for the Rp and Sp
to extend out the gorge exit. Mutation of Phe 297 enantiomers of cycloheptyl methylphosphono-
to Ile eliminates the apparent steric hindrance, thiocholine using molecular dynamics with fur-
and this would account for the greatly increased ther minimization to achieve a low-energy con-
reactivity of the Rp compound. formation of the docked ligand [9]. Three dimen-

Recently, it was shown that the boundary re- sions can be considered here. The first is in the
gion to the active center contains a rather thin reaction bond distance and is displayed in the Z-
wall and a conformational change might yield a axis direction; this becomes fixed for the -y-oxy-
"back door" opening suitable for product re- gen on serine 203 attacking the phosphorus. Al-
moval [21]. This region outlines a portion of the though the precise transition state cannot be de-
choline binding site. Should such an alternative scribed, it is assumed that the attacking serine
portal exist, it would be better situated for the and the leaving group adopt apical positions. In
thiocholine exit of the Rp enantiomers, yet we turn, the three remaining groups would be
find the Rp enantiomers acylate some 230-fold equatorially disposed around the phosphorus.
more slowly than the Sp enantiomers. Hence, Hence the plane of phosphorus and the three
the transphosphonylation rates do not lend sup- equatorial groups define the Z dimension. A
port to a "back door" hypothesis for removal of fixed optimal reaction distance should hold ir-
a thiocholine moiety. respective of whether we consider the transition

Over sixty years ago, Eason and Stedman pro- state for transphonylation to be associative or
posed that stereospecificity in drug action and in dissociative in nature. The remaining two posi-
catalytic processes was a consequence of a three- tions, the oxygen in the oxyanion hole and the
point attachment between the chiral compound leaving group directed out of the gorge, are
and a dissymmetric macromolecular surface [22]. then analyzed in the docked low-energy confor-
Although the original binding site was often mations minimized following molecular dy-

TABLE In Rates' of transphosphonylation by Rp- and Sp-c.cloheptvl methylphosphonvl thioate possessing charged and un-
charged leaving groups

Leaving Group

-S-CH--CH,-N (CH3 ) 3  -S-CH 3  -S-CH.-CH,

Enzvme Sp Rp Sp/Rp Sp Rp Sp/Rp Sp Rp Sp/Rp

AChE (wild type) 190,000 820 230 310 1.7 180 74 0.16 460
Asp 74 Asn 1,400 8.0 180 530 2.3 230 190 0.41 460
Glu 202 Gin 21,000 130 160 14 0.060 230 2.3 0.014 160
Glu 450 Gin 1,400 23 61 9 0.,I50 i8 14 0,015 780

-Rate constants are given as 10 ,Almin: the standard error of the mean from typically three experiments was 10-15%. Data were

obtained from reference [0].
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FIGURE 5 Molecular dynamics simulation followed by energy minimization of a docked Sp (closed circles) and Rp (open circles)
cycloheptyl methylphosphonothiocholine in a reversible complex with acetylcholinesterase. The phosphorus group is docked within
bonding distance with the y-oxygen of serine 203 in the enzyme. This position along the Z-axis then becomes defined by the plane
X,Y. A productive conformation is assumed to require: (a) the appropriate Ser-O-P distance on the Z axis; (b) insertion of the phos-
phonyl oxygen in the oxyanion hole (Y axis)-a mean hydrogen bonding distance of 3-4 A from the amide backbone hydrogens of
Gly 121, Gly 122 and Ala 204; and (c) an orientation of the leaving group directed towards gorge entrance. The ideal position is
assumed to be 1800 from the attacking serine oxygen placing the serine oxygen and the leaving group in apical positions and the
remaining three groups in equatorial positions. The deviations reflect the difference in distances for the quaternary nitrogen between
the energy minimized position and that expected for apical positioning (180') of the serine -y-oxygen and the leaving group (9).

namics. Clearly, only the Sp enantiomer repro- Our examination of enantiomeric selectivity is

ducibly yields the simultaneous optimization of part of a larger investigation of ligand interac-

positions for the phosphonyl oxygen and the tions with the active center of the cholinest-
leaving group. In the case of the oxvanion hole, erases. Site-specific mutations have been made

interaction is dependent on hydrogen bonding at other positions on AChE and the kinetics

distances between the three candidate donor analyses for three classes of charged and un-
hydrogens (amide hydrogens on Gly121, charged congeneric ligands have been examined
Gly122 and Ala201) and the phosphonyl oxv- [8,9]. The trifluoroketones conjugate directly
gen. Data in Figure 5 are represented as an av- with the active center serine to form a hemiketal
erage of the three distances for these potential [6,7] without loss of a leaving group. Their reac-
hydrogen bonds. For the thiocholine leaving tion with AChE approaches the diffusion limita-
group, we show the data as a deviation from tion. Second, the alkylphosphonates, sulfonates

the apical position which would be 1800 from and carbamoyl esters form relatively stable
the -y-oxygen of the serine. Hence, this analvsis phosphonyl, sulfonvl and carbamovl esters with

and the positioning of the three critical groups the active center serine, with the loss of a leaving
are compatible with the overall kinetics, group. The stability of the newly formed acyl
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ABSTRACT. It has been demonstrated that cholinesterases (ChEs) are an effective mode of pretreatment to
prevent organophosphate (OP) toxicity in mice and rhesus monkeys. The efficacy of ChE as a bioscavenger of
OP can be enhanced by combining enzyme pretreatment with oxime reactivation, since the scavenging capacity
extends beyond a stoichiometric ratio of ChE to OP. Aging has proven to be a major barrier to achieving oxime
reactivation of acetylcholinesterase (AChE) inhibited by the more potent OPs. To further increase the
stoichiometry of OP to ChE required, we have sought AChE mutants that are more easily reactivated than
wild-type enzyme. Substitution of glutamine for glutamate (E199) located at the amino-terminal to the active-site
"serine (S200) in Torpedo AChE generated an enzyme largely resistant to aging. Here we report the effect of the
corresponding mutation on the rate of inhibition, reactivation by 1-(2-hydroxyiminomethyl-l-pyridinium)-l-
(4-carboxyaminopyridinium)-dimethyl ether hydrochloride (HI-6), and aging of mouse AChE inhibited by
C(+)P(-)- and C(-)P(-)-epimers of soman. The E202 to Q mutation decreased the affinity of soman for
AChE, slowed the reactivation of soman-inhibited AChE by HI-6, and decreased the aging of mutant AChE.
These effects were more pronounced with C(-)P(-)-soman than with C(+)P(-)-soman. In vitro detoxification
of soman and sarin by wild-type and E212Q AChE in the presence of 2 mM HI-6 showed that, E202Q AChE was
2-3 times more effective in detoxifying soman and sarin than wild-type AChE. These studies show that these
recombinant DNA-derived AChEs are a great improvement over wild-type AChE as bioscavengers. They can
be used to develop effective methods for the safe disposal of stored OP nerve agents and potential candidates for
pre- or post-exposure treatment for OP toxicity. BIOCHEM PHARMACOL 54;2:269-274, 1997. © 1997 Elsevier
Science Inc.

KEY WORDS. organophosphate; acetylcholinesterase inhibition; aging; stereoisomers of soman; reactivation;
bioscavenger

OP** reacts with AChE (EC 3.1.1.7) and BChE (EC depends on the structure of inactivating OP, the structure

3.1.1.8) to produce phosphylated enzyme conjugates with of oxime, and the source of ChE [8].
the active-center serine (S200) [1, 2]. These conjugates, Aging results from cleavage of the alkoxy-O-P bond,
while relatively slow in turnover, have two dominant forming the corresponding P--O- containing conjugates
modes of reaction [2-7]. Spontaneous reactivation results that can no longer be reactivated [2, 3, 8]. The rate of aging
from cleavage of the serine--O-P bond and results in the depends on the structure of OP, the source of enzyme, pH,
regeneration of active-site serine. ChEs inhibited by OPs temperature, and ionic strength of the solution [3, 9, 10].
can also be reactivated by various oxime nucleophiles such Analysis of the kinetics and pH profiles of aging suggests
as 2-PAM and HI-6. However, they are only effective if the two potential mechanisms for aging: a general acid-cata-
ChE-OP complex has not undergone a prior aging reaction lyzed reaction and one catalyzed by a nucleophile/activated
[2]. The capacity of an oxime to regenerate active enzyme H 20. The acid or low pH-catalyzed rate of aging appears

most rapid with OP-AChE conjugates containing tertiary

* A portion of this report was presented at the Fifth International alkoxy groups, followed by secondary and primary alkoxy

Symposium on 'Chemical and Biological Warfare Agents' held 11-16 June groups. This suggests that a carbonium ion may serve as an
1995, in Stockholm, Sweden. intermediate [2, 4, 11].

- Corresponding author. Tel. (202) 782-0087; FAX (202) 782-6304. In particular, ChEs inhibited by the nerve agent soman
** Abbreviations: BChE, butyrylcholinesterase; ChE, cholinesterase;

FBS AChE, fetal bovine serum acetylcholinesterases; HI.6, 1-(2-hydroxy- are refractory to reactivation by oximes because they age
iminomethyl - 1 - pyridinium) - 1 - (4- carboxyaminopyridinium)-dimethyl very rapidly [3]. Studies of the pH dependence of the
ether hydrochloride; OP, organophosphate; 2-PAM, 2-(hydroxyimino- dealkylation reaction of soman-inhibited AChE indicated
methyl)-l-methylpyridinium iodide; sarin, O-isopropyl methylphospho-
nofluoridate; and soman, O-pinacolyl methylphosphonofluoridate. participation of a residue with pK 4.5 and another residue

Received 29 July 1996; accepted 14 February 1997. with pK 6.0 [3, 10]. Based on the X-ray crystal structure of
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Torpedo AChE, these residues were proposed to be E199 and tics, Walter Reed Army Institute of Research (Washington,
H440. Molecular modeling and site-directed mutagenesis DC).
studies with Torpedo AChE suggested that electrostatic
interactions between the carbonium ion and the carboxy-
late of E199 could facilitate the dealkylation reaction [12, Titration of AChE with Soman
13]. Dilutions of racemic soman, or C(+)P(-)-soman, or

Besides aging, steric hindrance may also be important in C(-)P(-)-soman, in saline (1-10 pL), were added to
the reactivation reaction [13, 14]. Due to the presence of wild-type or E202Q mutant AChE (0.5 U/mL) in 10 mM
two chiral centers, one at the a-carbon atom of the sodium phosphate, pH 8.0, containing 0.05% BSA. Sam-
pinacolyl moiety and the other at the phosphorus atom, pies were incubated for 30 min at room temperature and
soman is a mixture of four stereoisomers. The in vitro assayed for residual enzyme activity using the Ellman assay
toxicologic and anticholinesterase properties of the isomers [22]. Residual AChE activity was plotted against the
of soman are very different [15]. Of the four stereoisomers, concentration of soman added to the reaction mixture to
only the two P(-)-epimers are potent inhibitors of AChE ascertain the stoichiometry between AChE and soman.
[16, 171. In vivo studies with mice challenged with a dose of
one LD5 0 of racemic soman showed that toxicity arose
primarily from the C(-)P(-)-epimer [171. In vitro inhibi- Inhibition of AChE with Soman
tion and reactivation studies with C(+)P(-)- and Inhibition of mouse wild-type AChE (0.1 U/mL; 0.76 nM)
C(-)P(-)-soman-inhibited AChE indicated that the two b soman run in 50 mM sodium hosphate H 8.0
diastereomeric-enzyme conjugates had different rates of y s p
reactivation, which depend-on the source of the enzyme containing 0.05% BSA, was initiated by adding racemic
[18]. soman (2.2 to 4.4 nM) or the two P(-)-epimers of soman

Recently we showed that mutat*ion of glutamate (E199) (0.55 to 2.2 nM) and measuring enzyme activity at various

located at the amino-terminal to the active-site serine time intervals. A similar procedure was used for E202Q
(S200) in Torpedo AChE generated a mutant AChE that AChE (0.1 U/mL; 1.67 nM) except that the amount of

was largely resistant to aging [12]. The loss of charge racemic soman and the two P(-)-epimers used was 4.4 to

appeared to affect the intrinsic rate of aging of mutant 17.6 and 2.2 to 8.8 nM, respectively. Experiments were

AChE, suggesting that the negative charge on E199 facili- carried out with at least four different concentrations of

tated the removal of the alkoxy group. Here we have soman. The apparent bimolecular rate constants for the
S inhibition reactions measured under second-order condi-

extended these studies using mouse E202(1 99)Q* AChE to

determine the effect of this mutation on the rate of tions were determined by non-linear regression of the plot

inhibition, reactivation by HI-6, and aging of mouse AChE of tAChE/(OPO - [AChE0 - AChE1)} versus time at

inhibited by the two P(-)-epimers of soman. The in vitro different inhibitor concentrations [23], where AChE, is the

detoxification of soman and sarin by wild-type and E202Q enzyme concentration at time t, AChE0 is the initial

AChE in the presence of 2 mM HI-6 was also studied. enzyme concentration at time t = 0, and OPo is the initial
concentration of OP.

MATERIALS AND METHODS
Materials Reactivation of Soman-Inhibited AChE with HI-6

Wild-type and E202Q mutant of mouse AChE were ex- Mouse wild-type (8.0 U/mL) and E202Q AChE (12 U/mL)
pressed, purified, and characterized with respect to catalytic in 50 mM Tris " HCI, pH 9.5, were inhibited with stoichi-
parameters as described [201. One nanomole of wild-type ometric amounts of soman or one of its P(-)-epimers for 15
AChE was equivalent to 132 units, and 1 nmol of E202Q min at 4'. Reactivation was started by mixing 10 p.L of the
mutant AChE was equivalent to 60 units. Soman was soman-AChE conjugate with 90 p.L of sodium phosphate,
obtained from the Chemical Research, Development and pH 8.0, containing HI-6 at a final concentration of 2 mM
Engineering Center (Aberdeen Proving Ground, MD). at 250. Enzyme activity of aliquots of the reactivation
Soman used in these experiments was 98.6% pure when mixture were measured at intervals of 0.5, 1, 2, 3, 4, 6, and
analyzed by [31P] nuclear magnetic resonance. The two 24 hr using the Ellman method [22]. Data for the time-
P(-)-epimers of soman were obtained as described previ- course of reactivation reactions were analyzed by nonlinear
ously [21]. Concentrations of soman solutions were deter- regression analysis using the equation [14]:
mined by titration of the solution with a known amount of
FBS AChE and measurement of residual activity (1 nmol of %(AChEreac), = A[1 - e-kt (1
FBS AChE is equivalent to 400 units). The oxime, HI-6,
was obtained from the Division of Experimental Therapeu-

where A is the percent-amplitude of the reactivatable form
The dual numbering system gives the residue number in the species of soman-inhibited AChE and k is the pseudo first-order

designated followed by the corresponding residue in Torpedo AChE [19]. rate constant for reactivation.
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pH Profile for the Aging of AChE 10c , A

Mouse wild-type (8 U/mL) and E202Q AChE (12 U/mL) in A
50 mM Tris" HCI, pH 9.5, were inhibited with stoichio-
metric amounts of soman or one of its P(-)-epimers for 15 %%
min at 4*. Fifty microliters of soman-AChE conjugate was
diluted into 450 pIL of one of the 50 mM buffer solutions at
different pH values at 250, and the pH of all samples was

monitored using the pH meter. The following buffer solu- 100
tions were used: sodium acetate at pH 5.0 and 5.5; sodium B
phosphate at pH 6.0, 6.5, 7.0, 7.5, and 8.0; and Tris. HCI
at pH 8.5. Parallel samples without soman were used to
monitor the stability of enzyme at each pH. Aliquots (40 . 50O

RiL) were removed at various time intervals and transferred C
to tubes containing 10 [LL of 10 mM HI-6 in 50 mM sodium <
phosphate, pH 8.0. Samples were incubated overnight at
room temperature before assay for AChE activity using the 100
Ellman method [221. C

In Vitro Detoxification of OPs by Mouse Wild-Type and 50.

E2 02 Q Mutant AChE

The incubation mixture in 50 mM sodium phosphate, pH
8.0 (total volume 0.5 mL), contained 0.05% BSA, 0.011 2

nmol mouse wild-type or E202Q AChE, 2 mM HI-6, and 1 2 3 4

0.275 nmol soman. Tubes of buffer containing enzyme [SOMAN], ng/ml

alone, enzyme with HI-6, and enzyme with soman were FIG. 1. Titration of mouse wild-type and Eo02Q mutant AChE
incubated as controls. After incubating for 30 min, 10-pL with the stereoisomers of soman. Increasing amounts of racemic
aliquots from each tube were assayed for inhibition of soman (A), or C(+)P(-)-soman (B), or C(-)P(-)-soman (C),

AChE activity. Samples (10 giL) were assayed after 6 hr to in 1- to 10-ttL aliquots, were added to wild-type (0.5 U/mL; 3.8
mesueecveyfAChE activity. SamplesT(10hLre asedin oftr 6 to nM) or E212Q mutant AChE (0.5 U/mL; 8.35 nM) in 50 mM
measure recovery of AChE activity. The addition of soman sodium phosphate, pH 8.0. The final concentrations of soman
(final concentration of 0.275 nmol) to the tube containing were 2-20 nM. Samples were incubated for 30 min and assayed
soman and HI-6, and buffer to the control samples followed for residual enzyme activity using the Ellman assay [22]. Data
by measurement of AChE activity was repeated until the for wild-type (---) and E202Q (-) AChE were plotted as

AChE activity decreased to 10% of its original value. The percent of residual AChE activity at various concentrations of
soman. The data shown are representative of three experiments.detoxification of sarin by wild-type and E202Q AChE was

conducted using a similar procedure except that the addi-
tion of 1.8 nmol of sarin was repeated every 24 hr. Residual E202Q AChE with racemic soman (panel A) and its two
enzyme activity was plotted against the cumulative amount P(-)-epimers (panels B and C). At the concentrations of
of soman or sarin present in the reaction mixture. soman employed, the approach to inhibition appeared

practically stoichiometric for wild-type and mutant AChE.
RESULTS AND DISCUSSION Differences in the titration curves for wild-type and E20 2Q

AChE with racemic soman, C(+)P(-)-soman, and

The crystal structure of the Torpedo AChE shows E199 to C(-)P(-)-soman reflect the 2-fold difference in the kc,,
reside at the base of the active-center gorge,oand its van der for acetylthiocholine hydrolysis between wild-type and
Waals surface appears to reside within 1.5 A of that of the mutant enzymes.
quaternary ammonium group of the substrate or inhibitor To examine the role of E202(199) in the stereoselectivity
bound to the active center of the enzyme [24, 25]. Molec- of AChE for the two P(-)-epimers of soman, we compared
ular modeling studies of the adducts of Torpedo AChE with the bimolecular rate constants for the inhibition of wild-
the two P(-)-epimers of soman indicated that E199 was type and E202Q AChE by racemic soman and the two
located at a distance of 3.3 A from the chiral carbon of the P(-)-epimers of soman (Table 1). Racemic soman is a
pinacolyl moiety. Therefore, the carboxylate side chain mixture of four stereoisomers of which only the two
could participate in the stabilization of the carbonium ion P(-)-epimers are potent inhibitors of AChE [16, 17].
in the transition state for dealkylation [13]. These models Therefore, the values for the bimolecular rate constants for
were substantiated by site-directed mutagenesis studies wild-type and mutant AChE with racemic soman should be
using Torpedo and human AChE [12, 23]. effectively twice that reported in Table 1. A 2-fold differ-

Figure 1 shows the titration of mouse wild-type and ence in the bimolecular rate constant of wild-type AChE
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TABLE 1. Bimolecular rate constants for the inhibition of A
mouse acetyicholinesterase by stereoisomers of soman 'x --- -

k x 10-" (M-1 min-')

Inhibitor Wild-type E202Q

Racemic soman 0.48 ± 0.06 0.048 ± 0.002
C(+)P(-)-Soman 1.20 ± 0.27 0.200 ± 0.017
C(-)P(-)-Soman 0.69 ± 0.09 0.044 ± 0.004

Values for the bimolecular rate constants of inhibition, k, were measured under
second-order reaction conditions as described in Materials and Methods. Values are A

the means ± SD from three experiments.

t-

for the two P(-)-epimers was observed compared with a 0

4.5-fold difference observed for E202Q AChE. Previous
inhibition studies with stereoisomers of soman also showed /

that the C(+)P(-)-soman was a slightly more potent too C

inhibitor than the C(-)P(-)-epimer. Bovine erythrocyte
AChE exhibited a 6-fold difference in the bimolecular rate
constants for the two P(-)-epimers as compared with a
1.6-fold difference observed for electric eel AChE [17, 18].
The difference in the bimolecular rate constants of wild-
"type and E202Q AChE for racemic soman, C(+)P(-)-

soman, and C(-)P(-)-soman was 10-, 6-, and 16-fold, 0 50 100 200 30

respectively. These results suggest that the loss of charge on TIME (MINUTES)
E202 decreased the reactivity of soman for mutant AChE FIG. 2. Time-course for the reactivation of soman-inhibited
and the reactivity of C(-)P(-)-soman was affected more mouse wild-type and E2o.Q mutant AChE with 2 mM HI-6.
than that of the C(+)P(-)-epimer. Mouse wild-type and EozQ AChE (60 nM; 10 U/mL) in 50

The influence of E202 to Q mutation on HI-6-induced mM Tris HCI, pH 9.5, were inhibited with stoichiometric
reactivation of wild-type and E202Q AChE inhibited by the amounts of racemic soman (A) or C(+)P(-)-soman (B) or

two P(-)-epimers of soman was also studied. For AChE C(-)P(-)-soman (C). Reactivation was started by mixing 10
tiL of the soman-AChE conjugate with 90 1±L of sodium

inhibited with racemic soman or either of the two P(-)- phosphate, pH 8.0, containing HI-6 at a final concentration of
epimers, the rate of reactivation of wild-type AChE was 7- 2 mM. Enzyme activity of aliquots of the reactivation mixture
to 8-fold faster than that of E202Q AChE (Table 2 and Fig. were measured at intervals of 0.5, 1, 2, 3, 4, 6, and 24 hr using
2A-C). For both enzymes, C(-)P(-) -inhibited AChE the Ellman method [22]. Data for wild-type (---) and E202Q
reactivated at about half the rate of C( + )P( - )-inhibited (-) AChE were plotted as percent of AChE control activity

without soman. The data shown are representative of threeACHE. Similar studies with racemic 7- (methylethoxyphos- experiments.

phinyloxy)-l-methylquinolinium iodide (MEPQ)-inhibited

mouse AChE showed that the mutation of E10 2 to Q
resulted in a 16- to 33-fold reduction in the rate of fects the rate of reactivation as well as the extent of
reactivation of the enzyme by 2-PAM and HI-6 [14]. reactivation especially for C(-)P(-)-soman-AChE. These
Reactivation of wild-type AChE inhibited with either results are consistent with molecular modeling studies,
epimer of soman was rapid and virtually complete (Fig. 2, which showed that steric hindrance between the methyl
panels B and C), as compared with E202Q AChE, which group at the chiral carbon of C(-)P(-)-soman and H440
could be reactivated to about 70% from the AChE- can reduce the efficiency of nucleophilic reactivation of
C(-)P(-)soman conjugate (Fig. 2C). The mutation af- C(-)P(-)-soman-AChE compared with C(+)P(-)-so-

man-AChE [13]. The results are also consistent with in vitro

TABLE 2. Rate constants for the reactivation of soman- studies with human, electric eel, and plaice AChE, which
inhibited mouse acetylcholinesterase by 2 mM HI-6 demonstrated that reactivation of C(+)P(-)-soman-

AChE by HI-6 was more effective than the reactivation of
k (min- t ) C(-)P(-)-soman-AChE [17, 13, 26, 27].

Inhibitor Wild-type E202Q A reaction that counteracts reactivation of soman-

Racemic soman 0.07 ± 0.02 0.01i ± 0.002 inhibited AChE is aging. We examined the pH dependence

C(+)P(-)-Soman 0.08 ± 0.01 0.01 ± 0.002 of aging of wild-type and E202Q mutant AChE inhibited by
C(-)P(-)-Soman 0.04 t 0.01 0.006 - 0.001 soman and the two P(-)-epimers by their incubation at

various pHs and subsequent measurement of the extent of
Values for the rate constants for the reactivation of soman-inhibited AChE, k, were

obtained by analyzing the data for the time course of the reactivation reactions using reactivation by 2 mM HI-6 at pH 8.0. Unlike Torpedo
equation 1 [141. Values are the means -_ SD from three experiments. E199Q AChE and human E202Q AChE, the rate constants
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TABLE 3. pH Dependence of the rate constants for the aging of mouse wild-type and E202Q mutant acetyicholinesterases

It (min-')*

Racemic soman C(+)P(-)-Soman C(-)P(-)-Soman

pH Wild-type E202Q Wild-type E20ZQ Wild-type E202Q

5.0 0.39 ± 0.04t 0.11 ± 0.02t 0.27 ± 0.04t 0.066 ± 0.01 0.35 ± 0.05t 0.04 ± 0.01
6.2 0.23 ± 0.Olt 0.04 ± 0.01 0.33 ± 0.05t 0.035 ± 0.01 0.27 ± 0.04t 0.02 ± 0.002
6.5 0.19 ± 0.02t 0.05 ± 0.01 0.19 ± 0.01t 0.025 ± 0.005 0.25 ± 0.04t 0.01 ± 0.003
6.8 0.21 ± 0.03t 0.04 ± 0.014 0.21 ± 0.03t 0.024 ± 0.007 0.19 ± 0.02t 0.022 ± 0.016
7.3 0.07 ± 0.01 0.003 ± 0.001 0.066 ± 0.01 0.006 ± 0.001 0.09 ± 0.01 0.003 ± 0.001
7.9 0.023 ± 0.005 0.003 ± 0.001 0.036 ± 0.01 0.003 ± 0.001 0.05 ± 0.01 NDt
8.5 0.03 ± 0.008 ND 0.02 ± 0.006 ND 0.04 ± 0.01 ND

* Determined by non-linear regression analyses of kinetic data. Values are averages - the range from two experiments.
f Estimates from the residual portion of the kinetic profiles.
* ND: Aging not detected over a 24-hr period.

for the aging of mouse E202Q mutant AChE were only 8- to wild-type AChE and 225 for E202Q AChE, suggesting that
24-fold lower at pH 7.0 to 7.5 than wild-type AChE [12, in the presence of 2 mM HI-6, the same amount of
231. At pH values below 7.3, agingof the wild-type enzyme wild-type and E202Q AChE could detoxify 135- and 225-
.was too rapid to measure the aging constants accurately. No fold molar excess of soman, respectively (Fig. 3B). The
differences in the rate constants for the aging of wild-type overall effect of the reduced reactivity of E202Q AChE with

..AChE inhibited with C(+)P(-)- and C(-)P(-)-soman soman and reduced rates for the reactivation and aging of
were observed. These results are consistent with previous soman-inhibited E202Q AChE is a 2- to 3-fold increase in
observations made with human, eel, and bovine erythrocyte detoxification of soman and sarin compared with wild-type
AChE, which showed that the rate of aging was indepen-
dent of the configuration at the a-carbon atom of the
pinacolyl moiety of soman [17, 271. For E202Q AChE, at pH 100
8.0 and above, the rate of aging was so slow that it could - A
not be measured under present experimental conditions "
(Table 3). At pH values below 8.0, the rate of aging of °"
C(+)P(-)-soman-E202Q AChE was two times faster than -50
the rate of aging of C(-)P(-)-soman-E202Q AChE. Wild- <
type and E202Q AChE inhibited with soman or the P(-)- -

epimers showed an increase in the rate of aging with
decreasing pH, consistent with an aging mechanism involv- o1
ing a carbonium-ion intermediate. A similar pH depen- 0 500 1000 1500 2000 2500

dence for the soman-Electrophorus AChE and soman-Tor- SARIN/AChE

pedo AChE conjugate was observed previously [3, 12]. The
pH profile for the aging of soman-inhibited wild-type 100 B
mouse AChE between pH 5.0 and 8.5 indicated the
participation of a residue with an estimated pK -6.4, 0__o
which is in agreement with a previously reported value of
6.4 for electric eel AChE [3] and 6.0 for bovine erythrocyte aJ 50
AChE [10]. C "

Aging has proven to be the major barrier to achieving <

oxime reactivation of AChE inhibited by the more potent -,

OPs [281. Recombinant enzymes without this liability 1 50 1o0 1o 20o 250

would confer a superior characteristic in the development SOMAN/AChE

of catalytic scavengers of OPs. To test this possibility, wecare oti itodtoiiaio fsai nCsmnb FIG. 3. In vitro detoxification of sarin or soman by mouse
carried out in vitro detoxification of sarin and soman by wild-type and Eo20 Q mutant AChE in the presence of HI-6. The
wild-type and E202Q AChE in the presence of 2 mM HI-6 reactivation of mouse wild-type (0) and E202Q (0) AChE
as shown in Figure 3. In the presence of 2 mM HI-6 (the (0.011 nmol) was carried out in the presence of 50 mM sodium
extrapolated sarin/AChE ratio was 2800 for wild-type phosphate, pH 8.0, containing 0.05% BSA and 2 mM -11-6
AChE and 7200 for E202Q AChE), the same amount of after repeated additions of sarin (1.8 nmol, panel A) at 24-hr

intervals, or soman (0.275 nmol, panel B) at 6-hr intervals.
wild-type and E20 2Q AChE could neutralize 2800. and Residual enzyme activity was plotted against the cumulative
7200-fold molar excess of sarin, respectively (Fig. 3A). amount of soman or sarin present in the reaction mixture. The
Similarly, the extrapolated soman/AChE ratio was 135 for data shown are representative of three experiments.
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AChE. These results suggest that such recombinant DNA- 13. Qian N and Kovach IM, Key active site residues in the

derived AChEs, in which the glutamate located at the inhibition of acetyicholinesterases by soman. FEBS Lett 336:

amino-terminal to the active-site serine is substituted by 263-266, 1993.
amin-termena togtheatimprvemente oeri wildsubstytted by 14. Ashani Y, Radid Z, Tsigelny I, Vellom DC, Pickering NA,

glutamine, are a great improvement over wild-type AChE Quinn DM, Doctor BP and Taylor P, Amino acid residues
as bioscavengers. These recombinant enzymes can be used controlling reactivation of organophosphonyl conjugates of
to develop effective methods for the safe disposal of stored acetylcholinesterase by mono- and bisquaternary oximes.
OP nerve agents and appropriate formulations for medical, J Biol Chem 270: 6370-6380, 1995.

surgical, and skin decontaminants and also for decontami- 15. Benschop HP, Berends F and de Jong LPA, GLC-analysis and

nation of materials, equipment, and the environment. The pharmacokinetics of the four stereoisomers of Soman. Fundam
masfor an enzyme to be an effective 1Appl Toxicol 1: 177-182, 1981.

major requirementsor ar e ( o r e ln effe 16. Benschop HP, Konings CAG and de Jong LPA, Gas chro-
bioscavenger for OP toxicity are: (a) relatively long half-life matographic separation and identification of the four stereo-
in circulation, (b) relatively high turnover number, (c) isomers of 1,2,2-trimethylpropyl methylphosphonofluoridate
immunocompatibility, and (d) availability in sufficient (soman): Stereospecificity of in vitro "detoxification" reac-
quantities for use as a pretreatment drug. These recombi- tions. J Am Chem Soc 103: 4260-4262, 1981.

nant DNA-derived ChEs have to fulfill these criteria before 17. Benschop HP, Konings CAG, van Genderen J and de Jong
LPA, Isolation, anticholinesterase properties, and acute tox-

they can be tested as bioscavengers. icity in mice of the four stereoisomers of the nerve agent

soman. Toxicol appl Pharmacol 72: 61-74, 1984.
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